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Abstract
One of the major challenges mankind faces these days is the growing demand for energy
and the associated consequences of combusting fossil fuels. Accordingly, numerous re-
search groups of different scientific backgrounds focus their efforts towards the production
of energy and fuels from sunlight and water. For efficient production of so-called solar
fuels, a thorough understanding of fundamental characteristics of charge transfer reactions
is crucial. In this context, the following thesis will focus on three key aspects of charge
separation: (i) the mechanisms of electron transfer reactions that are coupled to concomi-
tant proton transfer, (ii) the kinetics of electron transfer reactions over large distances,
and (iii) charge accumulation in a molecular system without the need of sacrificial agents.
In ruthenium(II) and rhenium(I) dyads with an attached phenol which acts as a combined
electron and proton donor, the dependence of proton-coupled electron transfer (PCET)
reactions on the electron donor-electron acceptor distance was investigated. These mea-
surements yielded the first distance-decay constants (β) for bidirectional concerted PCET
reactions. Additionally, a mechanistic change-over was observed for short donor-acceptor
distances. When linking the phenol directly to the photosensitizer these dyads exhibit
photoacid behavior. In contrast, by introducing one p-xylene bridging molecule, proton-
coupled electron transfer was operative. In addition to these dyad studies the PCET
chemistry of thiophenols was investigated in bimolecular reactions. This study demon-
strated that thiophenols, dependent on their substituents, show the whole variety of PCET
mechanisms ranging from concerted to stepwise processes. However, in comparison to phe-
nols, the sulfur analogs tend towards a stepwise transfer of the electron and proton, due
to easier oxidation combined with a higher acidity.
In a second topic of my thesis, the kinetics of thermal back electron transfer of charge-
separated states was investigated in linear triads of variable donor-acceptor distances.
These triads are comprised of a ruthenium(II) photosensitizer, a triarylamine (TAA) elec-
tron donor, and anthraquinone (AQ) as an electron acceptor. The charge recombination
kinetics as a function of spatial separation between donor and acceptor revealed a maxi-
mum in rate constants for large distances. This observation was attributed to an increase
in the outer-sphere reorganization energy with increasing donor-acceptor distances. Ac-
cording to Marcus theory, this causes a change-over for electron transfer operating in
the inverted region for short distances to the normal region at large separations, via an
activationless ET for intermediate distances. This is the first unambiguous experimental
evidence for rate maxima at large spatial separations, as predicted already 30 years ago
by theoretical studies.
With respect to the main objective of light-driven solar fuel production, the accumulation
of multiple charges on a single molecule is pivotal. For the reduction of protons to hydro-
gen, or the oxidation of water, a single redox equivalent is not sufficient. Therefore, in a
third topic of my thesis, the already mentioned donor-photosensitizer-acceptor assembly
was extend to a pentad and investigated with respect to its ability to perform photoin-
duced charge accumulation. Hereby, a central AQ unit served as a potential two-electron
acceptor. Upon excitation with light, the formation of twofold reduced anthraquinone
was confirmed in transient IR and UV/Vis experiments. Furthermore, in presence of acid
the signal of this charge-accumulated state persists even after several hundred microsec-
onds. This is a clear improvement compared to charge-accumulating systems reported
in the literature, which either rely on sacrificial agents or do not exhibit sufficiently long
lifetimes for the charge-accumulated state.
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1. General Introduction
Modern human lifestyle demands for a steady and secure supply of energy for electricity,
mobility, manufacturing, and comfort. Until now, the main energy source is still the
combustion of fossil fuels, such as coal, oil, or natural gas. Although there is not yet
a global shortage of fuels, their supply is finite. Considering the growing demand for
energy, not only due to the increasing world population, but also due to the proceeding
development of living standards in the so-called newly industrialized countries, new energy
sources need to be explored. The main problem with present energy sources, like fossil fuels
or nuclear power, is their negative influence on the environment, such as the production
of green house gases like CO2, or the unresolved problems of nuclear waste disposal. As
a consequence, over the past decades awareness for the importance of renewable and
environmentally friendly energy sources has grown. In this context, using sunlight, as
the most abundant source of energy, is logical. The surface of the earth is provided by
roughly 120.000 TW of energy from sunlight.[1] In comparison, in 2014 the total energy
consumption of mankind was around 16 TW with approximately 15 % of that amount
being used for electricity.[2] This comparison visualizes the enormous potential of sunlight
as a clean energy source. Already 100 years ago Ciamician declared that sunlight can
serve as a nearly infinite source of energy, if converted in an appropriate way.[3] In principle,
nature provides us with a blueprint for the conversion of sunlight into useful forms of
energy, i.e. photosynthesis. In the photosynthetic process, the energy of light is used to
convert the low-energy chemicals H2O and CO2 into high-energy carbohydrates. Hereby
oxygen is the only waste product. This process involves the splitting of water into protons,
electrons, and molecular oxygen. In another reaction step, the released protons and
electrons are combined with CO2 to form carbohydrates. However, in terms of the growing
demand for fuels, direct combination of the evolved protons and electrons to hydrogen
gas is much more interesting and less difficult to achieve for mankind. Hydrogen gas, in
fact, has several advantages compared to fossil fuels. The energy density of hydrogen gas
is approximately three times higher than those of carbon-based fuels.[4] Additionally, the
only combustion product of H2 is water. The combination of these two properties makes
it a suitable candidate for an environmentally friendly substitute for fossil fuels.
The direct electrochemical splitting of water into oxygen and hydrogen was first observed
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Scheme 1.1 Idealized molecular assembly for the use of solar energy to split water into
oxygen and hydrogen. A = electron acceptor, D = electron donor, P = photosensitizer,
C = catalyst.
in 1798 by van Troostwijk[5, 6] but remained a scientific curiosity throughout the 19th
century.[7] By now, electrolysis of water is well explored and extensively used in industrial
processes. However, the direct splitting of water by the use of sunlight would not need
electricity to proceed. Alas, water does not dissociate into hydrogen and oxygen upon
irradiation with visible light, among other reasons due to the lack of significant absorp-
tion in this spectral range. Therefore, artificial systems for light absorption and catalytic
cleavage need to be employed. For basic research on this topic, often entirely molecular
systems are applied due to their well-defined properties. Such an idealized molecular sys-
tem is depicted in Scheme 1.1. In analogy to photosynthesis, a chromophore (or so-called
photosensitizer) needs to absorb as much light energy as possible. This energy is em-
ployed to generate a positively charged donor and a negatively charged acceptor. In other
words, the light energy is used to promote electron transfer. In addition, these charges
need to be spatially separated in order to avoid their direct recombination. Subsequently,
the attached catalytic systems would utilize these generated charges to oxidize water and
reduce protons to hydrogen.
There are several aspects which are crucial for the design of a system as illustrated in
Scheme 1.1 and which are the subject of current research efforts. For example, the op-
timization of effective light-harvesting assemblies, in order to exploit a larger spectral
range of light. Furthermore, efficient catalysts for water oxidation and hydrogen produc-
tion need to be provided. However, these aspects will not be addressed in particular in
this thesis. This work will focus on three general aspects of electron transfer reactions,
which are probably the most essential reaction steps in the context of artificial photo-
synthesis. (1) Kinetic and mechanistic studies of electron transfer reactions which are
coupled to proton transfer events. As is obvious from Scheme 1.1, such reactions are an
integral part when it comes to hydrogen formation or water oxidation. (2) Kinetic studies
on the influence of spatial separation on electron transfer reactions. These investigations
are of particular interest with respect to the generation of long-living charge-separated
states, which are a prerequisite for efficient catalytic turnover. (3) Attempts towards a
molecular system which is capable of performing light-driven charge accumulation. The
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formation of hydrogen gas or the oxidation of water require the accumulation of multi-
ple redox equivalents. For hydrogen gas evolution two electrons are needed, and even
four positive charges are required for water oxidation. By contrast, the absorption of one
photon can usually only generate a single electron-hole pair. In order to overcome this
obstacle, multiple charge-separating events within a donor-acceptor system need to occur
very rapidly. In addition, such multiply charge-separated states have to be stabilized in
order to exhibit significantly long lifetimes for catalytic applications.
The following chapter briefly introduces natural photosynthesis and the oxygen evolving
complex (OEC), the reactive center for water oxidation. Subsequently, the fundamental
principles of photochemistry and photophysics will be introduced, as well as the general
aspects of electron transfer reactions; in particular those being initiated by photon absorp-
tion. Additionally, the concept of coupling proton transfer reactions to electron transfer
events will be presented. Subsequently, the following chapter will close with a few con-
siderations with respect to charge-accumulation in molecular systems, and some recently
reported studies on this topic.
3

2. Theoretical Background
2.1. Natural photosynthesis
Photosynthesis, as nature’s ingenious way to convert solar energy into storable chemical
energy, is the fundament for the existence of higher life-forms. It not only uses sunlight
to produce essential high-energy chemicals, such as sugars and proteins from low-energy
molecules, i.e. water and carbon dioxide, it is also the source of atmospheric oxygen. The
process of photosynthesis takes place in the chloroplasts of green plants, cyanobacteria,
and algae. It can be divided into two separate parts, the light-dependent reaction and
the light-independent fixation of carbon dioxide. The active sites of the light-dependent
reaction are located in the thylakoid membrane of the chloroplasts. These reaction centers
use the absorbed solar energy to oxidize water and to drive an electron transport chain to
finally produce the reducing equivalent NADPH, the biological form of molecular hydro-
gen. Since the oxidation of water at the oxygen evolving complex (OEC) requires strong
oxidants, whereas the reduction of NADP+ to NADPH needs a relatively strong reduc-
tant, the light-driven reaction is divided into photosystem I and II (PS I and PS II). Both
systems are comprised of a central pair of chlorophyll molecules (P680 for PS II, P700
for PS I) that are surrounded by several well organized chromophores in order to harvest
as much light as possible and transfer its energy to the reaction center. The so-called Z-
scheme, shown in Scheme 2.1, gives a schematic overview about the spatial separation and
the energy levels in PS I and PS II.[8] In photosystem II, absorption of light leads to the
formation of a singlet-excited *P680 chlorophyll molecule which can transfer an electron
very rapidly to pheophytin (pheo) to form an initial charge-separated state P680+/pheo-
within a few picoseconds.[9] Subsequently, pheo- reduces the tightly bound plastoquinone
(PQ) QA within a few hundred picoseconds.
[9] This ion radical pair P680+/QA
- exhibits
recombination with a lifetime of approximately 200 μs.[10] The highly oxidizing P680+ (E0
= +1.26 V vs. NHE) is re-reduced by the nearby tyrosine TyrZ. This electron transfer is
accompanied by the transfer of the phenolic proton to histidine His190 on the nanosecond
to microsecond time domain.[11, 12] The formed tyrosyl radical is a sufficiently strong oxi-
dant to promote electron abstraction from the OEC. On the reductive side of the charge
separation cascade, the initially reduced QA transfers its electron to plastoquinone (PQ)
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Scheme 2.1 Simplified Z-scheme of the light-dependent reactions in PS I and PS II.
QB. The overall distance for charge transfer in PS II is about 50 A˚ from the OEC to
QB, with a recombination time in the millisecond time domain. This lifetime exceeds the
time which is necessary for the charge accumulation steps to occur on the OEC.[13] Af-
ter a second reduction of QB, coupled to its protonation, the formed hydroplastoquinone
H2QB diffuses away into the membrane matrix, transferring its reducing equivalents via
cytochrome f and plastocyanine (PC) to photosystem I. A proton gradient between the
stroma and lumen site of the membrane is established along this electron transfer path-
way, which is further used to generate ATP. In PS I a second electron transfer cascade is
initiated. With its primary objective, the reduction of NADP+ to NADPH, the excited
*P700 in PS I is a very strong reductant. It transfers the electron which comes from
PS II further to phylloquinone (Q) and subsequently to ferredoxin (FD) via several iron-
sulfur complexes (FeS). This ferredoxin binds to a ferredoxin-NADP-reductase (FNR),
promoting the formation of NADPH as the final electron acceptor of the light-dependent
reaction.
The molecular structure of the photosystem II is shown in Figure 2.1.[14] It depicts the
electron transfer pathway from the OEC to plastoquinone QB. The structure of the
OEC was found to be a rather unique pentanuclear CaMn4-cluster. Over the last years,
the structural elucidation of the cluster earned a lot of attention. Recently, the crystal
structure of the OEC was reported with a resolution of 1.9 A˚ (Figure 2.1).[15] The OEC
reveals a rather complex structure, comprised of a cubane-like CaMn3O4 unit which is
linked to a fourth manganese atom by an oxo-bridge. This cluster is well encapsulated by
the surrounding protein matrix isolating it from the thylakoid lumen. This ensures a slow
and step wise oxidation of the OEC and prevents the conversion into the reduced resting
state prior to the release of oxygen and complete oxidation of water.
The mechanism of water oxidation in the OEC, first postulated by Kok in 1970, involves
four electron transfer steps to the nearby tyrosyl radical which is formed by photoinduced
oxidation from P680+. Furthermore, four protons are liberated during the process of
charge accumulation. Several research groups attempted to elucidate the exact mechanis-
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Figure 2.1 Left: Molecular structure of the reaction center in PS II.[14] The surrounding
protein matrix was omitted for clarity. The distances between the redox centers are
given in A˚. Right: Crystal structure of the OEC at a resolution of 1.9 A˚ with its ligand
environment.[15] Reproduced with permissions from[14, 15]© American Association for the
Advancement of Science and Nature Publishing Group.
tic sequence being operative in the water oxidizing complex. The catalytic cycle, proposed
by Kok, involves four oxidized states and the initial ground state (so called S-states),
but does not include any specific information about proton transfer reactions. A more
sophisticated mechanism, based on time-resolved EPR and XAS studies, was proposed by
Haumann and is illustrated in Scheme 2.2.[16] After the absorption of the first photon, the
dark-stable resting state S1 state undergoes Mn-oxidation to the S2 state without release
of a proton. The S2  S3 transition, occurring after a second photon absorption, is a
proton-coupled electron transfer process. However, its precise mechanism is not certain.
The third photon initiates the cascade of transitions which ultimately leads to the forma-
tion of molecular oxygen. The starting point is the formation of the S4-state by release of
a proton. This S4-state reduces the nearby tyrosyl radical of TyrZ, forming the S4’-state,
with a time constant of approximately one millisecond. This seems to be the rate-limiting
step in the overall process of water oxidation. Subsequently, rapid release of O2 and for-
mation of the S0-state occurs. After absorption of the fourth photon, the catalytic cycle
is closed. The S0  S1 step involves a simultaneous oxidation and deprotonation of the
complex leading to the formation of the dark-stable resting state. The proposed basic
sequence of four electron and four proton removal steps (Scheme 2.2) is certain. However,
several aspects are still speculative and require further experimental support. Especially
the distinct determination of energetic parameters, such as redox potentials and pKA val-
ues, and their combination with computational methods seem to be of major importance
in order to clarify the complex mechanisms occurring in the OEC.
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Scheme 2.2 S-state cycle according to Haumann, illustrating the sequence of electron
and proton transfers necessary for water oxidation in the OEC. The dark-stable resting
state S1 is was highlighted. The times correspond to the individual time constants for the
transitions.[16]
2.2. The excited state
In the following section, the relevant basics of photophysics and photochemistry necessary
to understand the topics of this thesis will be introduced. Hereby, the general concept of
electronic absorption and deactivation of the excited state will be explained for a low-spin
d6 metal center.
In order to understand the concept of absorption and emission of light by matter, their
energetic states need to be considered. In principle, the absorption of light, i.e. a photon
with a discrete energy, can be described as the transition of an occupied state of the
absorbing particle to a state higher in energy. This event only occurs when the energy of
the photon matches the energetic difference between these two states. This results in the
situation where in different regions of the electromagnetic continuum, different kinds of
transitions are observed. For example, the excitation of rotational states usually requires
microwave radiation, whereas vibrational transitions are observed in the infrared part
of the spectrum. However, the photoinduced reactions described in this thesis rely on
electronic transitions, which require the absorption of photons in the visible range of the
electromagnetic spectrum. For the transition between electronic states, not only the en-
ergy difference of the states, i.e. the frequency of the photon necessary for excitation, need
to be considered. There are also certain selection rules, based on quantum-mechanical con-
siderations, that determine the probability of such a transition. In general, an electronic
transition is allowed if the overall spin of this system is conserved and the parity of the
orbital changes. Such transitions, for example metal-to-ligand charge transfer (MLCT)
transitions, result in rather intense bands in the UV/Vis absorption spectra. In contrast,
spin-forbidden transitions from a singlet to a triplet state, for example, are muss less
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probable, resulting in very weak absorption features.[17]
Scheme 2.3 Simplified energy diagram for complexes of d6 transition metals in their
low-spin configuration.
Metal-to-ligand charge transfer transitions are of particular interest for this thesis, due to
fact that the resulting state is the starting point of all photoinduced reactions described
in the following chapters. A simplified energy diagram for d6 transition metals, i.e. RuII,
ReI, or OsII, in their low-spin configuration is shown in Scheme 2.3. Starting at the
hypothetical point of a free metal ion, the energy levels of the relevant d-orbitals are
degenerate and will only increase in energy when applying a spherical ligand field. An
octahedral ligand field, as it is present in the metal complexes in this thesis, causes a
splitting of the energy levels of the d-orbitals in a t2g and an eg set of orbitals. In case of
d6 low-spin metal centers, the t2g orbitals will be fully occupied, whereas the eg orbitals
are empty. Transition of an electron from the t2g to the eg orbital is parity-forbidden.
By coordination of the metal center with ligands which bear unoccupied orbitals low in
energy (for example π*-orbitals), the lowest excited state is no longer a forbidden d-d
transition, but an allowed MLCT transition. The situation of unoccupied ligand orbitals
being lower in energy than the eg orbitals, i.e. a strong ligand field splitting, is typical for
late transition metals.
The Jablonski diagram in Scheme 2.4 shows the possible transitions in a metal complex
with respect to an MLCT excitation. Absorption of a photon results in the transition from
the ground state (1GS) to a singlet excited state. Depending on the energy of the photon,
this singlet excited state can be ligand centered (1LC) or a metal-to-ligand charge transfer
(1MLCT). This thermally excited singlet state undergoes very fast vibrational relaxation,
by so-called radiationless internal conversion (IC, > 1011 s-1) to the vibrational ground
state of the lowest singlet state, in this case 1MLCT. For the ruthenium and rhenium
complexes used in this thesis the actual observed, luminescent, lowest-lying excited state
is the 3MLCT state, which is accessible via intersystem crossing (ISC) from the 1MLCT-
state. This transition from a singlet to a triplet state (106 - 1011 s-1) has to compete
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Scheme 2.4 Simplified Jablonski diagram.
with other possible deactivation processes of the 1MLCT: (1) release of the excited state
energy by emission of a photon, so called fluorescence (hυF), and (2) radiationless decay
to the ground state by multi phonon relaxation (MPR). However, the metal complexes
of heavy transition metals such as rhenium and ruthenium, show a high tendency for
the population of triplet states due to their strong spin-orbit coupling. Radiative decay
from a triplet state, so-called phosphorescence (hυP), is spin-forbidden and usually occurs
on much longer time scales than fluorescence from a singlet state. The comparably long
lifetime of this 3MLCT allows for electron or energy transfer reactions to compete with
the already mentioned deactivation pathways (hυP and MPR).
Especially electron transfer originating from the 3MLCT-state is of importance in this
thesis. The lifetime of this excited state is 0.62 μs for Ru(bpy)3
2+ (bpy = 2,2’-bipyridine)
in deoxygenated water with an emission quantum yield of Φ = 0.042.[18] The Latimer di-
agram presented in Scheme 2.5, shows the ground state and excited state redox potentials
of Ru(bpy)3
2+.[19] After excitation of Ru(bpy)3
2+ to its 1MLCT state a fast ISC results
in the triplet state.[20] Hereby, it becomes a much stronger oxidant as well as a stronger
reductant compared to its ground state. This observation can easily be understood on
the basis of the excited state being comprised of a reduced ligand and an oxidized metal
center. With a suitable electron acceptor in near proximity, the excited photosensitizer
can transfer an electron to the acceptor, which is referred to as the so-called oxidative
quenching of the excited state. The analogue procedure of electron transfer from a donor
to the photosensitizer is called reductive quenching. Alternatively, the excited state can
decay via energy transfer to a triplet state of a suitable quencher or via multiphonon
relaxation.
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Scheme 2.5 Latimer diagram of Ru(bpy)3
2+. Potentials are in given for aqueous solu-
tion in Volts versus NHE.[19]
2.3. Electron transfer reactions
Electron transfer (ET) reactions can occur via two fundamentally different mechanisms:
(1) an outer-sphere or (2) an inner-sphere mechanism. The outer-sphere mechanism re-
quires the formation of an encounter complex in order to establish electronic interactions
between the two redox centers. In contrast, in the inner-sphere mechanism the redox
centers are linked to one another with an enhanced electronic communication between
the donor and the acceptor. The rate constants for electron transfer via an inner-sphere
mechanism are usually much faster. However, the theory on electron transfer rates, es-
tablished by Rudolph A. Marcus was initially based on outer-sphere, self-exchange
reactions.[21–24] This approach with a mathematical description of electron transfer rates
is based on the theory of the transition state established by Henry Eyring in 1935.[25]
In such outer-sphere self-exchange reactions, no bonds are formed or broken. However,
the redox centers have to adapt bond lengths and angles to the new charge distribu-
tion. Furthermore, the solvent shell which surrounds the molecules needs to rearrange.
This necessity for reorganization determines the activation barrier for these self-exchange
reactions, and in consequence, their rate constants. The classical Marcus theory was
extended to inner-sphere electron transfer reactions by Noel S. Hush. For inner-sphere
reactions the electron transfer occurs through a bond between the two redox centers which
is established as a result from the formation of an encounter complex. In addition to the
considerations of the reorganization made for the outer-sphere mechanism, the strength
of electronic communication between the donor and the acceptor needs to be taken into
account. This semi-classical theory for electron transfer reactions, so called Marcus-
Hush theory, is expressed in equation 2.1. It demonstrates that the rate constant for
electron transfer, kET, is mainly dependent on three parameters: (1) the reaction free
energy, ΔG0, (2) the reorganization energy, λ, and (3) the electronic coupling between
11
2 Theoretical Background
the redox centers, HAD.
kET =
2π
h
·H2AD ·
√
π
λkBT
· e
[
−
(λ+∆G0)2
4λkBT
]
(2.1)
Harmonic potential energy wells for an exergonic (ΔG0< 0) electron transfer reaction
are illustrated in Scheme 2.6. For a non-adiabatic reaction, i.e. weak electronic coupling
(HAD), the reactant and product parabola remain separate (blue trace). In this case the
electron has to overcome the activation barrier (ΔG) for its transfer from the reactant
state (D-A) to the product state (D+-A-). From Scheme 2.6 the reorganization energy
of the system, λ, can be interpreted as the energy difference between the reactant and
product potential well for the geometrical configuration of the reactant state. For an
adiabatic electron transfer, the electronic coupling between the two states is large, and the
two parabola can no longer be treated separately. In fact, the activation barrier, derived
from the intersection of the two isolated parabola, is no longer applicable. For this case of
an adiabatic electron transfer, the semi-classical Marcus-Hush theory (equation 2.1) is
no longer appropriate. The systems in this thesis usually undergo non-adiabatic electron
transfer. In the following sections, the parameters determining the rate constants of non-
adiabatic electron transfer reactions will be discussed in more detail.
Scheme 2.6 Potential energy wells for an exergonic electron transfer in a D-A system. The
blue lines represents the non-adiabatic case, whereas the black parabola depicts adiabatic
electron transfer.
Reaction free energy
The energy difference between the reactant and the product state of an electron transfer
reaction is the reaction free energy, ΔG0, or driving force. In Scheme 2.6, an increase in
12
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driving force would lead to a vertical shift of the D+-A- state, in consequence, leading to a
decreased activation barrier. To obtain a mathematical expression for the relation between
ΔG and ΔG0, as shown in equation 2.2, the reorganization energy of the system needs
to be considered as well. The quadratic nature of the expression for the activation energy
ΔG causes general implications for electron transfer rates. When assuming a constant
reorganization energy, an increase in driving force leads to a decrease in activation energy.
In combination with equation 2.1 this results in faster electron transfer rates. This holds
true until the reaction free energy equals the reorganization energy (-ΔG0 = λ). In this
situation, the electron transfer is activationless (ΔG = 0) and the rate constant reaches
its maximum. However, a further increase in driving force results in an increase of the
activation energy, causing a decrease in electron transfer rate constants. This phenomenon
is illustrated in Scheme 2.7. It depicts that an increase in driving force is associated with
an increased rate constant in the normal region (-ΔG0 < λ). For the inverted region
(-ΔG0 > λ) the opposite holds true. The potential wells shown in Scheme 2.7 visualize
this effect.
∆G‡ = (∆G
0+λ)2
4λ
(2.2)
Scheme 2.7 Simplified dependence of the rate constant for electron transfer, kET, on the
driving force, ΔG0, illustrating the different regions according to the Marcus theory.
This counter-intuitive phenomenon of an inverted region for electron transfer rates was
experimentally confirmed in the 1980s by Miller and Closs,[26–29] more than 20 years
after Marcus had postulated his theory. They studied the intramolecular electron trans-
fer from a biphenyl anion to various acceptors via a rigid bridge, ensuring fixed distances.
At large driving forces, a drop in the rate constants was detected and unambiguously
assigned to the inverted region of the Marcus theory.
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Reorganization energy
For an electron transfer event to occur, the reactants need to adapt the nuclear geometry
of the products, as illustrated in Scheme 2.6. In this context, the reorganization energy,
λ, is comprised of an inner and outer-sphere contribution. The inner-sphere reorganiza-
tion energy, λin, corresponds to the adjustment of bond lengths and angles and can be
calculated by equation 2.3. Hereby, k i are the individual force constants of the normal
mode vibrations, and Δq i represents the changes in nuclear configuration of these normal
vibrational modes.
λin =
1
2
∑
(ki ·∆q2i ) (2.3)
λout =
∆e2
4πǫ0
·
(
1
2rA
+ 1
2rD
− 1
RDA
)
·
(
1
Dop
− 1
Ds
)
(2.4)
In addition to the inner-sphere reorganization, the solvent shell needs to rearrange due to
changes in charge distribution. This outer-sphere reorganization energy, λout, is dependent
on the amount of charge, Δe, being transferred (see equation 2.4). Furthermore, the size
of the participating redox centers needs to be considered. In the most simple model, the
molecules are treated as spherical particles. For small radii of the donor (rD) and the
acceptor (rA) the reorganization of the solvent shell is large. For bigger redox centers, the
changes in polarization of the solvent upon electron transfer is much weaker. Moreover,
the outer-sphere reorganization energy is dependent on the polarity of the solvent, as
represented by the optical (Dop) and static dielectric constant (D s = n
2, n is the refractive
index), and the spatial separation between donor and acceptor (RDA).
Figure 2.2 Calculated outer-sphere reorganization energies for electron transfer as a
function of spatial separation for different solvents according to equation 2.4. The donor
and acceptor radii were set to 5 A˚.
Figure 2.2 depicts the dependence of λout as a function of donor-acceptor distance for dif-
ferent solvents, using equation 2.4. Clearly observable from Figure 2.2, the outer-sphere
reorganization energy is higher for polar solvents, such as water (red trace) or acetonitrile
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(green trace), due to their higher affinity to react to changes in charge distribution. For
very apolar solvents such as toluene (purple trace), the reorganization energy is almost
neglectable, due to the absence of a significant dipole moment. Furthermore, Figure 2.2
illustrates that the outer-sphere reorganization energy is dependent on the spatial sepa-
ration between the redox centers. An increase in the donor-acceptor distances results in
increasing values for λout. Hereby, the outer reorganization energy is limited to a satura-
tion value for large separations.
Electronic coupling
The third major contribution to the rate constant as described in equation 2.1 is the
electronic coupling between donor and acceptor, i.e. the probability to change to the
D+-A- state when reaching the crossing point of the two parabola (see Scheme 2.6). In
principle, the electronic coupling can be described as the orbital overlap of the donor
and the acceptor. This overlap is at its maximum when both reactants are separated
only by their Van-der-Waals radius (HAD = HAD,(0)). As already mentioned above,
for systems with very strong electronic coupling (adiabatic case), a distinct assignment
of the electron to the reactant or product state is no longer possible, i.e. the charge is
delocalized. A classical example for this situation is the Creutz-Taube ion, a dinuclear
ruthenium complex with mixed valences.[30]
H2AD = H
2
AD,(0) · e[−β(RDA−σ)] (2.5)
For non-adiabatic electron transfer reactions, the electronic coupling between the two re-
actants is described by equation 2.5. Here, σv is the sum of the hard-sphere radii of the
reactants, and β is the distance-decay constant. Equation 2.5 captures the exponential
decay of the electronic coupling with increasing D-A distance. Sufficient electronic cou-
pling for large donor-acceptor distances can be achieved by the superexchange mechanism
where the intervening medium mediates electronic coupling. Consequently, the distance-
decay constant β, a system-specific factor, takes into account the properties of the medium
for electron tunneling.
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Scheme 2.8 Left: Energy diagram for electron tunneling along bridges with different in-
jection free energies, ΔG inj. Right: The corresponding rate constants for electron transfer
as a function of spatial separation. The slopes correspond to the different distance-decay
constants β.
In Scheme 2.8 the energy diagram for electron tunneling along two different bridges is
shown. In principle, the barrier height for tunneling events corresponds to the injection
free energy depicted in Scheme 2.8. This injection free energy, ΔG inj, can be extracted
from the reduction potential (or oxidation potential for hole tunneling) of the bridging
moiety.[31] The corresponding distance-dependences of electron transfer rate constants
with identical reaction free energies but different properties of the bridge are shown in
the right part of Scheme 2.8. The slope of the plot of ln(kET) as a function of the donor-
acceptor distance yields the distance decay constant β. Evidently, for large injection free
energies, ΔG inj, the rate constants drop more steeply. Typical values for β are on the
order of 0.02 - 0.04 A˚-1 for semiconductors, 1.1 A˚-1 for proteins, and 1.6 A˚-1 for water.[32]
2.4. Proton-coupled electron transfer
Chemical and biological electron transfer processes are often coupled to proton transfer,
photosynthesis being an extraordinary relevant example.[11, 33–37] The advantage of the
concept of proton-coupled electron transfer (PCET) stems from the fact that charged
products of electron transfer events can be stabilized upon uptake or release of a proton,
respectively. Additionally, even molecules with very high redox potentials may participate
in electron transfer reactions as a consequence of additional driving force gained from the
transfer of protons. PCET reactions can occur either bidirectionally, with the electron
and proton being transferred into different directions, or in an unidirectional fashion.
For the latter, hydrogen atom transfer (HAT) is a special case, where both electron and
proton are transferred from a shared orbital to the same accepting orbital. Aside from
the question of the electron and proton transfer direction, there are three mechanistically
different underlying PCET reactions, as illustrated in Scheme 2.9.
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Scheme 2.9 Possible mechanistic pathways for PCET reactions.
Electron and proton transfer can occur either stepwise, or as concerted PCET in a sin-
gle reaction step, so-called concerted proton-electron transfer (CPET), avoiding charged
and highly energetic intermediates (red pathway in Scheme 2.9). The stepwise mecha-
nisms can either occur via initial electron transfer, so called ET-PT (blue pathway in
Scheme 2.9), or can be initiated by a proton transfer event, PT-ET (green pathway). For
the assignment of a certain mechanism to a particular donor-acceptor system, H/D kinetic
isotope effects (KIE) are often considered. Significant KIE values are indicative of the
proton transfer step being rate-determining. This is the case for reactions with PT-ET
mechanisms, as well as for CPET reactions. However, the absence of a significant H/D
kinetic isotope effect can not rule out a CPET mechanism. Even inverse KIEs, with the
deuterated analogue exhibiting higher rate constants, have been reported for concerted
PCET reactions.[38, 39] In addition to H/D kinetic isotope effects, the determination of a
mechanistic pathway can occur on the basis of considering thermodynamic parameters,
such as reaction free energies and activation barriers for the individual reaction steps.
With respect to biochemical processes, PCET reactions which occur during photosynthesis
are of particular interest for many research groups. In this thesis, the molecular systems
designed to investigate certain aspects of PCET reactions were inspired by the +P680-
TyrZ-His190 reaction triple. The underlying PCET chemistry in this natural reaction is
most likely a concerted mechanism of electron transfer to the oxidized +P680 with the
concomitant release of the phenolic proton to the nearby His190.
[11] Molecular models of
this reaction triple have been used to explore properties having an impact on the kinetics
of PCET reactions, and in particular on CPET. In this context, the nature of the proton
accepting site has been investigated thoroughly. Hereby, the rate constants for PCET
were investigated with respect to different proton accepting sites and pH values,[40, 41]
proton transfer distances,[42–44] or buffer concentrations.[45] However, the electron transfer
distance-dependence for bidirectional concerted proton and electron transfer (CPET) has
not yet been explored. Although well understood for pure electron transfer, PCET reac-
tions do not necessarily need to behave the same way. The investigation of this aspect of
PCET will be the main subject in Chapter 3 of this thesis.
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2.5. Charge accumulation
The aim of many recent studies in photochemistry is the storage of solar energy in chemical
bonds, producing so-called solar fuels. Generally, this requires multiple electron transfer
events, as demonstrated for water oxidation, hydrogen formation, and CO2 reduction
(Equation 2.6). Especially hydrogen production is of particular interest with respect to a
growing demand for energy worldwide. It can be stored, used to run machinery, and its
only combustion product is water. In an ideal case, the protons and electrons which are
needed for the formation of hydrogen gas, are directly delivered by the oxidation of one
of the most abundant raw materials on earth, water.
2H+ + 2e-  H2
2H2O  4H
+ +4 e- + O2
CO2 + 2 e
- + 2H+  HCOOH
CO2 + 4 e
- + 4H+  HCHO + H2O
CO2 + 6 e
- + 6H+  CH3OH + H2O
CO2 + 8 e
- + 8H+  CH4 + 2H2O
(2.6)
One of the first catalytic systems for light-driven water splitting into H2 and O2 was re-
ported by Gra¨tzel almost 40 years ago.[46] In this heterogeneous approach, a Ru(bpy)3
2+
photosensitizer is oxidized by methylviologen (MV2+) upon visible light irradiation. On
the reductive site of this catalytic cycle, the photo-generated MV+ transfers its excess
electron to colloidal platinum, which acts as a potent catalyst for hydrogen formation.
On the other side, Ru(bpy)3
3+ oxidizes RuO2 particles, which were employed as the water
oxidation catalyst. The overall catalytic cycle is shown in Scheme 2.10. The quantum
efficiency is limited in this system, due to bimolecular charge recombination processes.
Nevertheless, it proves the feasibility of artificial photosynthesis.
Scheme 2.10 Heterogeneous catalytic system for the light-driven water splitting into H2
and O2, developed by Gra¨tzel.
[46]
More recently, the research focus turned towards the fundamental investigation of charge
accumulation, as the core piece of the conversion of light to chemical energy. In this
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context, donor-acceptor assemblies are widely used, since their properties can be adjusted
and usually their reaction kinetics can be readily determined. Furthermore, by linking the
photosensitizer directly to the charge accumulating site, usually higher quantum efficien-
cies compared to bimolecular systems can be reached. In the following section selected
charge accumulating systems will be introduced.
MacDonnell and coworkers reported on binuclear complexes based on Ru(phen)3
2+
(phen = 1,10-phenanthroline) bridged by a tetraazatetrapyridopentacene (tatpp) ligand
(Figure 2.3).[47–49] After excitation of the complex with visible light to the 3MLCT state,
the central bridging ligand gets reduced. In presence of triethanolamine as sacrificial
agent, the oxidized metal center gets re-reduced with subsequent excitation leading to
charge accumulation on the tatpp ligand. With additional acid present in solution, visible
light irradiation leads to proton-coupled multiple-electron transfer. Hereby, the central
ligand accepts two electrons and two protons, which corresponds formally to the storage
of H2.
Figure 2.3 Dinuclear ruthenium(II) complex with a bridging tetraazatetrapyridopen-
tacene (tatpp) ligand, capable to perform light-induced charge accumulation in the pres-
ence of sacrificial donors. Additional acid results in transfer of two electrons and two
protons, formally H2, to the central ligand.
[47–49]
Recently, Hammarstro¨m and Odobel reported on a ruthenium(II) dyad bearing an
oligotriarylamine (OTA) as a potent multi-electron donor.[50, 51] This dyad was attached
to a TiO2 nanoparticle (see Figure 2.4) and resembles constructs which are widely used
in the field of dye-sensitized solar cells. Upon excitation with two laser pulses at 480 nm
delayed by 1 μs, twofold oxidized oligotriarylamine was unambiguously observed by means
of transient absorption spectroscopy. The same observation was made when excitation
occurred with a single 10 ns laser pulse of high intensity. Charge injection into the
TiO2 nanoparticle is extremely fast, producing the first and second charge separated
states. In contrast, reverse electron transfer is comparably slow, leading to the situation
that absorption of two photons results in charge accumulation with almost quantitative
efficiency. Noteworthy, the spectral features of OTA2+ were observed up to delay times
of at least 100 μs, which is comparable to the timescale of turnover rates in enzymatic
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systems, e.g. water oxidation in PS II.
Figure 2.4 Ruthenium(II)-oligotriarylamine dyad attached to a TiO2 nanoparticle for
photoinduced charge accumulation.[50, 51]
Early approaches on light-driven charge accumulation were based on entirely molecu-
lar systems and did not even rely on any sacrificial agents. In 1992 Wasielewski and
coworkers reported on accumulation of two electrons on a perylenebis(dicarboximide)
(PBDCI), which is attached to two porphyrin photosensitizers, as shown in Figure 2.5.[52]
Intensity-dependent excitation experiments revealed the formation of PBDCI2- at high
pulse energies. In a similar approach, with zinc porphyrins and a central tetracyanoan-
thraquinodimethane (TCAQ), reported by Imahori and Sakata, twofold reduction of
the central electron accepting site was observed as well.[53] Although both systems do
not need any sacrificial agents to perform charge accumulation, they lack of long-living
photoproducts. Thermal back electron transfer in these charge-accumulated states was
found to occur within a few nanoseconds.
Figure 2.5 Porphyrin-based donor-acceptor-donor triad for photoinduced charge-
accumulation at the central perylenebis(dicarboximide) without using sacrificial agents.[52]
The abovementioned examples show that charge accumulating systems driven by light
either involve nanoparticels, sacrificial agents, or short lifetimes of the charge-separated
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states. A purely molecular system that does not rely on sacrificial agents and exhibits
long lifetimes for the charge accumulated state has not yet been reported. In such a sys-
tem, new unproductive deactivation processes need to be considered that might hamper
charge accumulation. The generic energy diagram for an exemplary donor-photosensitizer-
acceptor assembly (D-P-A) in Scheme 2.11 illustrates that after formation of the first
charge-separated state and subsequent absorption of a second photon, several deactiva-
tion pathways are possible. In fact, the excited photosensitizer is both a strong oxidant
and reductant, which might result in the re-oxidation of A-, or re-reduction of D+, re-
spectively. Additionally, the twofold reduced acceptor can easily undergo charge recom-
bination with the oxidized photosensitizer to the first charge-separated state (D+-P+-A2-
 D+-P-A-). Of course, the same holds true for a twofold oxidized donor and a reduced
photosensitizer, respectively (D2+-P--A-  D+-P-A-). Not illustrated in Scheme 2.11 is
the additional possibility of energy transfer from the excited photosensitizer P* to the
neighboring oxidized donor or reduced acceptor. The electron donating and accepting
sites, in singly charge-separated states, are usually organic molecules or metal complexes
in their doublet states. Triplet-doublet energy transfer has been observed in other systems
and therefore needs to be considered as a possible deactivation process.[54–56]
Scheme 2.11 Energy diagram for a donor-photosensitizer-acceptor assembly (D-P-A)
undergoing charge accumulation. Unproductive recombination processes are marked by
dashed gray arrows.
In addition to the competing unproductive reaction pathways, the accumulation of charge
on a small molecule causes electrostatic repulsion. The second oxidation of the donor
or reduction of the acceptor, is significantly more difficult than the first and requires a
higher potentials. In contrast, the redox potential of the excited photosensitizer does not
change. As a consequence, the redox potentials of the corresponding singly and multiply
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charged species need to be in a narrow potential range in order to perform a second charge
separation. However, these electrostatic repulsions can be compensated be coupling charge
accumulation with proton transfer reactions, as seen in the OEC of photosystem II, and
as demonstrated in Chapter 5 of this thesis.
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3. Studies of Proton-Coupled Electron
Transfer
Proton-coupled electron transfer (PCET) is an elementary reaction in many chemical
and biological processes. For example, it is of key importance for water oxidation or
carbon dioxide reduction as noted in the introductory chapter of this thesis.
Consequently, understanding PCET at the most fundamental level is
desirable.[33, 36, 57, 58] As already mentioned in Chapter 2, the studies concerning
proton-coupled electron transfer in this thesis do mainly focus on the mechanisms and
kinetics of PCET reactions as a function of electron transfer distance. In this context,
the following papers were published during these PhD studies.
 Kuss-Petermann, M.; Wolf, H.; Stalke, D.; Wenger, O. S. “Influence of Donor-
Acceptor Distance Variation on Photoinduced Electron and Proton Transfer in
Rhenium(I)-Phenol Dyads”. J. Am. Chem. Soc. 2012, 134, 12844.
 Kuss-Petermann, M.; Wenger, O. S. “Photoacid Behavior versus Proton-Coupled
Electron Transfer in Phenol=Ru(bpy)3
2+ Dyads”. J. Phys. Chem. A 2013, 117,
5726.
 Chen, J.; Kuss-Petermann, M.; Wenger, O. S.“Distance Dependence of Bidirectional
Concerted Proton–Electron Transfer in Phenol-Ru(2,2’-bipyridine)3
2+ Dyads”. Chem.
Eur. J. 2014, 20, 4098.
 Chen, J.; Kuss-Petermann, M.; Wenger, O. S. “Dependence of Reaction Rates
for Bidirectional PCET on the Electron Donor=Electron Acceptor Distance in
Phenol=Ru(2,2´-Bipyridine)3
2+ Dyads”. J. Phys. Chem. B 2014, 119, 2263.
In analogy to the +P680-TyrZ-His190 reaction triple, two series of molecular dyads of
variable donor-acceptor distance were synthesized and investigated with respect to the
photoinduced PCET reactivity. These dyads are shown in Figure 3.1 and are com-
prised of a photosensitizer, either [Ru(bpy)3]
2+ or [Re(phen)(CO)3(py)]
+ (phen = 1,10-
phenanthroline, py = pyridine), that is covalently linked to a phenol via varying numbers
of p-xylene bridging units (n = 0 - 3).
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Figure 3.1 (a) +P680-TyrZ-His190 reaction triple from photosystem II. (b) Rhenium(I)-
phenol and (c) ruthenium(II)-phenol dyads which were investigated in this work with
respect to their PCET reactivity as a function of electron transfer distance.
The studies revealed a mechanistic changeover as a function of donor-acceptor distances.
When the phenol donor is linked directly to the photosensitizer (n = 0), no PCET re-
action was observed. In fact, these dyads showed photoacid behavior, i.e. release of the
phenolic proton is directly coupled to recombination of the excited state of photosensi-
tizer to the ground state. In contrast, when increasing the spatial separation (n ≥ 1),
proton-coupled electron transfer reactivity was observed instead of photoacid behavior.
In acetonitrile/water 1:1 (v:v) mixture the rhenium(I)-phenol dyads with n ≥ 1 exhibit
a step-wise PCET mechanism involving electron transfer from the phenol to the excited
metal center, followed by release of the phenolic proton to the solvent. However, the PCET
mechanism that is operative in the ruthenium(II)-phenol dyads (n≥ 1) in dichloromethane
with additional pyridine as the proton accepting site, was found to be CPET. The initially
formed phenoxyl radical subsequently undergoes very fast back electron transfer and was
therefore spectroscopically not observed. The observation of concerted proton-coupled
electron transfer in the ruthenium dyads allowed to investigate the kinetics of CPET as
a function of electron transfer distance for the first time. Based on transient absorption
experiments conducted with the ruthenium(II)-phenol dyads (n = 1 - 3) in acetonitrile
in the presence of pyrrolidine, a distance-decay constant of β = 0.67 ± 0.23 A˚-1 was de-
termined. In addition, experiments were conducted with methylviologen (MV2+) as an
external electron acceptor. Under these experimental conditions the ruthenium(II) trans-
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Figure 3.2 Thiophenol/Ru(bpz)3
2+ (bzp = 2,2’-bipyrazine) reaction couples for mecha-
nistic PCET studies.
fers an electron to MV2+ upon excitation, yielding a strongly oxidizing ruthenium(III)
species. This photo-generated Ru(bpy)3
3+ in return was reduced by the attached phenol
with concerted release of the phenolic proton to imidazole, which was added as a proton
acceptor. From this study a distance-decay constant of β = 0.87 ± 0.09 A˚-1was extracted.
Both obtained values are very similar to previously reported β values of 0.77 A˚-1 and
0.52 A˚-1 for pure electron transfer along p-xylene bridges.[59, 60] These observations point
towards a dominant influence of the distance dependence of the electron transfer step on
the overall electronic matrix coupling element for bidirectional CPET.
In a separate project the PCET reactivity of thiophenols was investigated. The PCET
processes associated with phenol oxidation has been the subject of numerous studies over
the past years.[61–66] In contrast, similarly detailed mechanistic investigations of thiophe-
nols are relatively rare, although thiols and thiyl radicals are known to play an impor-
tant role in biochemical processes.[67, 68] In this study three different thiophenols, rang-
ing from electron-rich 2,4,6-trimethylthiophenol via moderately electron deficient 2,4,6-
trichlorothiophenol to electron-poor pentafluorothiophenol, were investigated with respect
to their PCET reactivity with 3MLCT-excited Ru(bpz)3
2+ (bpz = 2,2’-bipyrazine). The
latter served as a combined electron and proton acceptor (see Figure 3.2). The results
were published during these PhD studies.
 Kuss-Petermann, M.; Wenger, O. S. “Mechanistic Diversity in Proton-Coupled Elec-
tron Transfer between Thiophenols and Photoexcited [Ru(2,2´-Bipyrazine)3]
2+”. J.
Phys. Chem. Lett. 2013, 4, 2535.
It was demonstrated that dependent on the nature of the substituents on the thiophenol,
all three possible mechanisms of PCET (see Scheme 2.9) can be observed. For the electron-
rich 2,4,6-trimethylthiophenol stepwise PCET involving oxidation followed by proton
transfer to the reduced photosensitizer was observed. In contrast, the electron-poor,
but acidic, pentafluorothiophenol reacts via proton transfer to the excited Ru(bpz)3
2+
with subsequent rapid oxidation of the formed thiolate. Furthermore, the investigations
strongly suggest that the moderately electron deficient 2,4,6-trichlorothiophenol is oxi-
dized in concert with proton transfer. Accordingly, the full spectrum of possible PCET
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mechanisms was observed for these compounds. Generally, the S-H bond dissociation
free energy (BDFE) of thiophenols is significantly smaller than the O-H BDFE of regular
phenols. In principle, a smaller DBFE results in a higher tendency towards a CPET mech-
anism. However, thiophenols are usually oxidized more easily. In combination with their
higher acidity, the stepwise PCET mechanisms (ET-PT and PT-ET) become more prob-
able. These opposing trends results in the full spectrum of possible PCET mechanisms
being observed in this study.
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4. Electron Transfer Rate Maxima at
Large Donor-Acceptor Distances
Electron transfer (ET) reactions play a very important role in many biological processes.[70]
For example, electron transfer is the key reaction step in photosynthesis and the terminal
point of cellular respiration, as discussed in Chapter 2 of this thesis.[11, 71] In the 1950s
and 1960s Rudolph A. Marcus developed his theory on electron transfer, for which he
was awarded the Nobel Prize in chemistry in 1992. The Marcus-theory describes the
rates for electron transfer as a function of several parameters such as the reaction free
energy, the reorganization energy, the spatial separation between donor and acceptor, or
the solvent properties. There are several implications arising from the equation postulated
by Marcus. A rather unusual one is that with an increase in the reaction free energy for
electron transfer its rate constant only increases to a certain maximum value. A further
increase of the driving force leads to a decrease of the rate constants. The system is then
operative in the so calledMarcus-inverted region. This counter-intuitive postulation was
first confirmed experimentally by Closs and Miller in the1980s and is well established
nowadays.[26–29]
Another unusual but less well known prediction of the Marcus equation is that a sys-
tem operating in the inverted region (large reaction free energy) should exhibit a unique
distance-dependency as demonstrated in Figure 4.1. It depicts the calculated rate con-
Figure 4.1 Calculated rate constants for electron transfer in acetonitrile as a function of
donor-acceptor separation for ΔG0 = -1.0 eV (blue trace) and -2.0 eV (red trace) using
equations 2.1 and 2.4. The following parameters were applied: rA = rD = 5 A˚, HDA,(0)
= 200 cm-1, and β = 0.5 A˚-1.
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Scheme 4.1 Schematic bimolecular reaction. For small reaction free energies the charge
separation (CS) takes place at close contact. Thermal charge recombination (CR) associ-
ated with large driving forces (Marcus inverted region) is accelerated at larger distances.
stants according to equation 2.1 and 2.4, for electron transfer in acetonitrile for driving
forces of -1.0 eV and -2.0 eV as a function of donor-acceptor distance (assuming rA = rD
= 5 A˚, HDA,(0) = 200 cm
-1, and β = 0.5 A˚-1). In contrast to electron transfer rates in the
normal region (blue trace in Figure 4.1), decaying exponentially with increasing donor-
acceptor-distance as discussed in Chapter 2 of this thesis, the rates for electron transfer
in the inverted region were predicted to exhibit a maximum rate constant which is not at
“close contact” (red trace in Figure 4.1). In other words, rate constants for electron trans-
fer operating in the inverted region should increase to a maximum value upon increasing
the distance between donor and acceptor. A further increase of spatial separation should
then result in an exponential decay of the rate constants similar to what is observed in
the normal region of the Marcus theory. This phenomenon has been investigated theo-
retically by Sutin in 1984 but has not yet been confirmed experimentally.[72–74] Examples
for increasing rate constants with increasing donor-acceptor distances are scarce[75, 76] and
a defined rate maximum for large distances compatible with the theoretical prediction
has not been reported yet. In bimolecular ET reactions where charge recombination is
expected to occur in the inverted region, this phenomenon plays an important role. It is
assumed to be one of the reasons why charge recombination for bimolecular ET reactions
is often faster than expected.[77]
Scheme 4.1 illustrates that if charge separation is to take place in the normal region of the
Marcus theory, the reactants have to be very close for efficient electron transfer. After
ET took place the reactants diffuse away from each other. This increased donor-acceptor
distance in return should increase the reaction rate for the back electron transfer when
it is operative in the inverted region for short distances. Unfortunately, this effect is a
substantial drawback for systems where electron transfer is part of a catalytic process and
long-lived charge-separated states are required.
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Scheme 4.2 Linear triads investigated with respect to their charge recombination kinetics.
This chapter will focus on the first systematic investigation of this unusual phenomenon.
Three series of rigid rod-like donor-acceptor triads as shown in Scheme 4.2 were synthe-
sized and studied. A detailed description of the synthesis of these molecules is given in
the experimental section in Chapter 7. The forward electron transfer (charge separa-
tion) has already been studied in detail for anisyl-xy1 in acetonitrile solution and will not
be discussed further in this chapter.[78–81] The linear triads investigated in this work are
comprised of a central Ru(bpy)3
2+ (bpy = 2,2’-bipyridine) photosensitizer moiety as well
as a terminal anthraquinone acting as electron acceptor. A triarylamine (TAA) acts as
electron donor. In order to vary the reaction free energy of charge recombination, the
triarylamines were substituted with different electron donating groups ranging from very
electron rich (veratryl), via moderately electron rich (anisyl) to relatively electron poor
(tolyl). The distance between donor and acceptor was adjusted by introducing one, two
or three p-xylene spacer groups between the photosensitizer and the donor and acceptor
sites, respectively. This resulted in donor-acceptor distances ranging from 22.0 A˚ to 39.2 A˚
according to molecular modeling. The triad design has several advantages that were cru-
cial for this investigation. The rigid rod-like shape of the triad ensures that kinetics of
electron transfer can be measured at defined and fixed distances. The use of p-xylene
as bridging units prevents that the linear bridge becomes redox active itself. This is due
to a reduced π-conjugation as a consequence of relatively large equilibrium torsion angles
between adjacent bridge units. In oligo-p-phenylene systems bridge elongation leads to
enhanced π-conjugation. As a result, the mechanism for electron transfer can change from
a coherent tunneling process to an incoherent hopping mechanism.[75]
4.1. Optical absorption
The absorption spectra of 20 μM solutions of the triads and [Ru(bpy)3](PF6)2 as a refer-
ence compound in a 1:1 (v:v) mixture of acetonitrile and water are shown in Figure 4.2.
All complexes show a prominent absorption band around 450 nm which can be assigned to
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a metal-to-ligand charge transfer (MLCT) as well as an absorption around 290 nm arising
from a π  π* transitions centered on the bipyridine ligands. Additionally, the triads
exhibit a broad absorption band between 300 nm and 400 nm that can be attributed
to transitions centered on anthraquinone and triarylamine. Interestingly, for the three
shortest triads, these absorption features are less intense. Furthermore, an increased ab-
sorbance in the MLCT-region of the spectra was detected for these triads. This is an
indication for enhanced electronic communication between the metal center and the pen-
dant donor and acceptor moieties. Another conclusion drawn from the absorption spectra
of the triads is that with increasing amount of p-xylene spacers there is no significantly
enhanced π-conjugation on the bridge. Increasing π-conjugation would manifest in a red
shift of the absorption band around 350 nm. Therefore, redox-active behavior of the
bridging units upon elongation seems unlikely, and a coherent tunneling mechanism can
be expected for all compounds.
Figure 4.2 UV-Vis absorption spectra of 20 μM solutions of (a) anisyl-xyn, (b) veratryl-
xyn and (c) tolyl-xyn and [Ru(bpy)3](PF6)2 (blue traces) with n = 1 (black traces), n =
2 (green traces) and n = 3 (red traces) in acetonitrile/water 1:1 (v:v).
4.2. Electrochemistry and reaction free energies
In order to estimate the reaction free energies for the individual charge separation steps
and especially for the charge recombination, the reduction potentials of the relevant moi-
eties were determined by cyclic voltammetry. The measurements were performed in de-
oxygenated acetonitrile/water 1:1 (v:v) mixtures containing 1 mM compound and 0.1 M
KCl as supporting electrolyte. The measured voltammograms are shown in Figure 4.3
and the extracted potentials are summarized in Table 4.1.
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Figure 4.3 Cyclic voltammograms of (a) anisyl-xyn, (b) veratryl-xyn and (c) tolyl-xyn
with n = 1 (black traces), n = 2 (green traces) and n = 3 (red traces) in acetonitrile/water
1:1 (v:v) with 0.1 M KCl as supporting electrolyte and a scan rate of 0.1 V/s. The triad
concentrations were 1 mM for n = 1, 2 and 0.5 mM for n = 3.
Table 4.1 Reduction potentials (in Volts vs. SCE) of the triads in acetonitrile/water
1:1 (v:v) and their reaction free energies for charge recombination ΔGCR.
triad E (TAA+/0) E (AQ0/-) RDA [A˚] ΔGCR [eV]
a
anisyl-xy1 0.63 -0.70 22.0 -1.34
anisyl-xy2 0.59 -0.70 30.6 -1.30
anisyl-xy3 0.58 -0.65 39.2 -1.24
veratryl-xy1 0.59 -0.70 22.0 -1.30
veratryl-xy2 0.55 -0.70 30.6 -1.26
veratryl-xy3 0.54 -0.68 39.2 -1.23
tolyl-xy1 0.80 -0.70 22.0 -1.51
tolyl-xy2 0.76 -0.69 30.6 -1.46
tolyl-xy3 0.75 -0.65 39.2 -1.41
a calculated using equation 4.1.
The voltammograms in Figure 4.3 show the oxidation of the triarylamines between +0.54 V
and +0.80 V as well as the first reduction of the anthraquinone moiety at approximately
-0.7 V. An extension of the scanning range to observe the oxidation and reduction waves
of the photosensitizer was not possible due to occurrence of water oxidation and reduc-
tion, respectively. It has to be noted that with increasing distance between the donor
and acceptor moiety both potentials show a small shift towards easier oxidation (TAA)
or reduction (AQ), respectively. Despite working in aqueous solutions, protonation of
anthraquinone upon single reduction can be excluded, since the reduction waves are fully
reversible. Protonation would lead to an irreversible wave caused by a second electron
uptake of AQ (the pKA value of the singly reduced form of anthraquinone was found to
be 5.3 in aqueous solution containing 3 M isopropanol[82]). In comparison to non-aqueous
solutions, the reduction of AQ in acetonitrile/water is shifted by at least 150 mV to less
negative potentials. This well-known effect originates from strong hydrogen bonds formed
upon reduction of anthraquinone.[83]
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With the reduction potentials listed in Table 4.1 and the donor-acceptor distance RDA at
hand, it is possible to estimate the reaction free energy for charge recombination (ΔGCR)
using equation 4.1 established by Weller.[84] In this equation, ε0 is the vacuum permit-
tivity and εs the dielectric constant of the solvent (for acetonitrile/water 1:1, εs = 55.7
[85]).
The calculated driving forces are summarized in the last column of Table 4.1. The reaction
free energies for charge recombination of the anisyl-xyn triads are on the order of -1.3 eV,
whereas those for the veratryl-xyn triads are approximately 40 meV less exergonic, and
those for tolyl-xyn are more exergonic by about 160 meV. In addition, all three series of
triads show a decrease of driving force upon increasing donor-acceptor distance from n =
1 to n = 3. This decrease in ΔGCR is a result of the shift in reduction potentials (see
above) and amounts to approximately 0.1 eV.
∆GCR = e · (Ered − Eox)− e24πε0εSRDA (4.1)
To allow estimations about the reaction free energies relevant for the charge separation,
the literature values of the reduction potentials of Ru(bpy)3
2+ in water [E (Ru3+/2+) =
+1.02 V vs SCE, E (Ru2+/+) = -1.52 V vs SCE] and the energy of the lowest excited state
(E 00 = 2.12 eV) have to be considered.
[86] Combining these values with the experimentally
obtained values for the donor and acceptor moieties one can conclude that electron transfer
from the excited photosensitizer to anthraquinone is exergonic by roughly 0.4 eV. In
contrast, electron transfer from the triarylamine site to the excited Ru(bpy)3
2+ center has
either essentially no driving force (veratryl), or is endergonic by approximately 0.2 eV
(tolyl). On the basis of these considerations one can conclude that the electron transfer
sequence is most likely initiated by reduction of anthraquinone to form the oxidized species
of the photosensitizer. Subsequently the photosensitizer is re-reduced by the triarylamine
to form TAA+. A general energy scheme for the investigated triads is shown in Scheme 4.3.
Scheme 4.3 Generalized energy diagram for the triads. The dotted gray arrows indicate
undesired recombination processes not occurring from the fully charge-separated state.
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In order to identify the photoproducts observed by transient absorption measurements (see
below) spectro-electrochemical experiments were performed with all triads. The resulting
UV/Vis difference absorption spectra are shown in Figure 4.4 for anisyl-xyn, in Figure 4.5
for veratryl-xyn and Figure 4.6 for tolyl-xyn. All samples contained 0.1 mM complex
with 0.1 M KCl as supporting electrolyte in an acetonitrile/water 1:1 (v:v) mixture. All
solutions were deoxygenated before each measurement.
Figure 4.4 Spectro-electrochemical measurements of anisyl-xy1-3. (a-c) difference ab-
sorption spectra of the three triads obtained after applying a potential of +0.8 V vs. SCE
(TAA oxidation). (d-e) difference absorption spectra of anisyl-xy1-2 obtained after apply-
ing a potential of -0.9 V vs. SCE (AQ reduction). All samples contained 0.1 mM of the
respective triad with 0.1 M KCl as supporting electrolyte in acetonitrile/water 1:1 (v:v)
and were deoxygenated prior to measuring.
The spectro-electrochemical measurements for anisyl-xy1-3 (Figure 4.4) show that oxida-
tion of the TAA moiety at a potential of +0.8 V leads to increased absorption at 770 nm
and 370 nm, which has been observed in earlier studies.[81] In addition, the shortest triad
shows a bleach in absorption around 440 nm. This loss in absorption probably corresponds
to the increased absorbance of this triad in the MLCT-region as seen in Figure 4.2a and
does not stem from an oxidation of the Ru(bpy)3
2+ moiety. Oxidation of the photosensi-
tizer occurs at higher potentials and additionally would be overlapped by water oxidation.
Reduction of the anthraquinone at a potential of -0.9 V to form AQ- leads to an increased
absorbance around 410 nm with an additional absorption band rising around 500 nm. For
anisyl-xy1 this latter band is shaped as a shoulder of the main absorption band at 410 nm.
In earlier studies the absorption features of pure anthraquinone were reported to occur
around 400 nm accompanied with a more intense absorption around 550 nm in aprotic
solvents.[81, 87] The deviation from these observation can be assigned to strong hydrogen-
bonding to AQ- in acetonitrile/water solutions.[83] The measurements for veratryl-xyn
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(Figure 4.5) show that the difference spectra of the TAA+ moiety obtained at a potential
of +0.75 V vs SCE have rising signals around 370 nm and 950 nm. In addition, a broad
less intense absorption around 500-550 nm can be detected. For tolyl-xyn (Figure 4.6) the
difference absorption spectra of TAA+ were obtained at a potential of +1.0 V. The spectra
are comprised of two rising signals around 710 nm and 360 nm. The bleach in absorbance
at 440 nm as discussed for anisyl-xy1, is also occurring for the shortest triads veratryl-xy1
and tolyl-xy1. The difference absorption spectra of the reduced anthraquinone species in
veratryl-xy1-2 and tolyl-xy1-2 are nearly identical to those measured for anisyl-xy1-2 and are
therefore not discussed in detail. Spectro-electrochemical measurements of AQ reduction
in the longest triads failed for unknown reasons. Nevertheless, the transient absorption
measurements (see below) suggest that the reduced anthraquinone species for the longest
triads shows very similar characteristics to the one of the xy1 and xy2 triads.
Figure 4.5 Spectro-electrochemical measurements of veratryl-xy1-3. (a-c) difference ab-
sorption spectra of the three triads obtained after applying a potential of +0.75 V vs.
SCE (TAA oxidation). (d-e) difference absorption spectra of veratryl-xy1-2 obtained after
applying a potential of -0.9 V vs. SCE (AQ reduction). All samples contained 0.1 mM
of the respective triad with 0.1 M KCl as supporting electrolyte in acetonitrile/water 1:1
(v:v) and were deoxygenated prior to measuring.
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Figure 4.6 Spectro-electrochemical measurements of tolyl-xy1-3. (a-c) difference absorp-
tion spectra of the three triads obtained after applying a potential of +1.0 V vs. SCE
(TAA oxidation). (d-e) difference absorption spectra of tolyl-xy1-2 obtained after apply-
ing a potential of -0.9 V vs. SCE (AQ reduction). All samples contained 0.1 mM of the
respective triad with 0.1 M KCl as supporting electrolyte in acetonitrile/water 1:1 (v:v)
and were deoxygenated prior to measuring.
4.3. Transient absorption spectroscopy
Transient absorption spectra were recorded in order to identify the individual photoprod-
ucts of the triads. The spectra shown in Figure 4.7(a-c) can be interpreted as a superim-
position of the spectral signatures for AQ- and TAA+ that were obtained from spectro-
electrochemical measurements (see Figures 4.4-4.6). As a result, the charge-separated
states TAA+-Ru-AQ- were observed in all triads. At that point it has to be noted that
the formation of the charge-separated state is in kinetic competition with several other
processes. As already shown in Scheme 4., the formation of TAA+-Ru-AQ- is thermo-
dynamically favored in all cases. However, the electron transfer pathway for charge sep-
aration has to compete with (i) the decay of the excited state and (ii) the decay of the
intermediate electron transfer products to the ground state.
Scheme 4.4 Reference compound TMS-xy2-Ru-xy2-TMS.
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Figure 4.7 Upper row: Transient absorption spectra of 20 μM (a) anisyl-xyn, (b) veratryl-
xyn and (c) tolyl-xyn in deoxygenated acetonitrile/water 1:1 (v:v). The spectra were
recorded within 200 ns directly after excitation at 532 nm with pulses of 10 ns duration,
unless noted otherwise. Bottom row: Selected decay kinetics of the transient absorption
signals of (d) anisyl-xyn at 770 nm, (e) veratryl-xyn at 375 nm and tolyl-xyn at 710 nm.
The extracted lifetimes from the decay curves are listed in Table 4.2. The color code of
the individual traces is: xy1 (black traces), xy2 (green traces), xy3 (red traces).
In Figure 4.8 the transient absorption spectra of the xy3 triads, measured within 200 ns
directly after excitation, are shown in comparison to the spectra of the excited reference
compound TMS-xy2-Ru-xy2-TMS (see Scheme 4.4) which is unable to undergo any in-
tramolecular excited state redox chemistry. From their similarity one can conclude that
the transient absorption spectra of the xy3 triads were dominated by the
3MLCT state in
this time domain and the spectral signatures of TAA+-Ru-AQ- can be observed only after
the 3MLCT state has decayed. For tolyl-xy2 the situation is somewhat more complicated.
The transient absorption spectra show a superimposition of the excited state and the
charge-separated state. The spectrum was measured with a delay time of 60 ns due to an
additional short lived component. The decay kinetics (see for example Figure A3(d) in the
Appendix) are rather complex and were fitted to an A  B  C reaction sequence with
an additional independent decay rate constant. The short time constant (approximately
20 ns) of the A B C reaction sequence in tolyl-xy2 was attributed to an intermediate
of the electron transfer sequence leading to the charge-separated state. The second time
constant of this reaction sequence can be attributed to the decay of the charge-separated
state to the ground state. The independent decay component with a lifetime of several
hundred nanoseconds is a contribution of an excited state decay of minor impurities. This
conclusion is reached from the observation that the kinetics of tolyl-xy2 at 710 nm (see
Figure A3(f) in the appendix) show slightly negative ΔOD values in the time domain
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Figure 4.8 Transient absorption spectra of 20 µM solutions of anisyl-xy3 (black trace),
veratryl-xy3 (red trace), tolyl-xy3 (green trace), TMS-xy2-Ru-xy2-TMS (purple trace) and
[Ru(bpy)3](PF6)2 (blue trace) in deoxygenated acetonitrile/water 1:1 (v:v). The spectra
were recorded within 200 ns directly after excitation at 532 nm with pulses of 10 ns
duration. Stray light from the excitation pulse is marked with an asterisk.
between 500 ns and 1000 ns. Since there is no ground state absorption at 710 nm for all
triads, emission from a 3MLCT state is the only explanation.
The rate constants for charge recombination measured at the three transient absorption
maxima were identical for each individual triad, indicating the charge-separated states
recombine to the ground state in one single electron transfer step. Furthermore, ki-
netic measurements conducted in acetonitrile/D2O revealed identical charge recombina-
tion rates which supports the assumption that protonation of AQ- does not occur under
these conditions. In Figure 4.7(d-f) the decays of the most intense transient absorption
signals of the charge-separated states are shown for all triads. The lifetimes (τCR) for
this long-range charge recombination are listed in Table 4.2. The time constants show a
rather unusual behavior. For the shortest triads, lifetimes between 1450 ns (tolyl-xy1) and
3200 ns (veratryl-xy1) were found. When increasing the spatial separation from 22.0 A˚
to 30.8 A˚ for the xy2 triads, a significant shorting of the lifetimes was observed. The
lifetimes of the xy2 triads are on the order of a few hundred nanoseconds in all three
cases. In contrast, further elongation of the bridge to donor-acceptor distances of 39.2 A˚
leads to lifetimes of 41 μs (tolyl-xy3), 65 μs (anisyl-xy3), and 75 μs (veratryl-xy3). In
principle, one would expect the rate constant for electron transfer to decrease with in-
creasing donor-acceptor distance. The steepness of this decrease in electron transfer rate
is described by the distance-decay constant β as discussed in Chapter 2. Values for β
have been determined to be on the order of 0.52 – 0.77 A˚-1 for electron transfer along
p-xylene bridges.[59, 60] Considering these values, one would expect the rate constants for
electron transfer to drop by roughly two orders of magnitude when increasing the distance
by 8.6 A˚ from the xy1 to the xy2 triads (and from xy2 to xy3). In fact, the rate constants
for electron transfer increase by a factor between 6.5 (veratryl) and 10 (tolyl) for the xy1
and xy2 triads. The lifetimes for charge recombination follow the expected decrease when
79
4 Rate Maxima for Large Distances
going from the xy2 to the xy3 triads.
The decays of the transient absorption signals of the charge-separated states of the xy3
triads are not mono-exponential as shown in Figure 4.7(d-f). In fact, a tri-exponential
decay was observed at all three transient absorption signals. The short-lived component of
this decay exhibits time constants of 130 ns (veratryl), 210 ns (anisyl), and 850 ns (tolyl).
From the transient absorption spectra of the xy3 triads recorded directly after laser pulse
excitation, and in comparison with the reference compound TMS-xy2-Ru-xy2-TMS (see
Figure 4.8), this short-lived decay component can be unambiguously attributed to the
3MLCT state. Furthermore, the observation of both rise-decay and decay-decay behavior
is a consequence of the relative extinction coefficients of the excited and charge-separated
state at the individual wavelength.
Scheme 4.5 Possible bimolecular electron transfer reactions involving the long-lived
charge-separated states of the xy3 triads. Reaction sequence (a) leads to complete charge
recombination between two charge-separated triads. Reaction sequences (b-d) lead to in-
complete charge recombination resulting in two triads each bearing either reduced AQ- or
oxidized TAA+.
After the excited state has vanished in the xy3 triads, the contribution of the charge-
separated state to the transient absorption signal is observed [see Figure 4.7(a-c)]. Taking
into account the long lifetimes of the signals of these charge-separated states, bimolecular
reactions are supposed to occur quite easily. Scheme 4.5 depicts the bimolecular reactions
possibly having an impact on the decay kinetics of the xy3 triads. It shows that bimolec-
ular electron transfer between AQ- and TAA+moieties as well as electron transfer from
reduced anthraquinone/oxidized amine to their corresponding neutral species on triads
in their electronic ground state (similar to self-exchange reactions) must be considered.
In order to identify the contribution of the intramolecular electron transfer to the overall
decay kinetics, concentration-dependent measurements were performed. Anisyl-xy3 was
hereby used as an example for this purpose as shown in Figure 4.9. The decay of the
signals of the charge-separated state were measured at triad concentrations varying from
20 μM to 50 μM. The obtained decay curves were fitted to a bi-exponential decay, start-
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ing after the initially excited state has vanished. The intensity of species A (decaying
within ∼500 μs) was correlated to the one of species B (decaying on longer timescales).
The ratio between species A and B shows a clear dependency on the triad concentration
as shown in Figure 4.9(b). With increasing triad concentrations, species A becomes less
prominent which is in line with the assumption of increased bimolecular contributions.
A second observation is that the lifetime of species A decreases with increasing concen-
tration. Generally one would expect an intramolecular reaction to be independent of the
concentration. However, an increase in triad concentration implies a higher concentration
of charge-separated states. As a consequence, the bimolecular reaction of two triads in
their charge-separated states to recombine to the ground state as shown in Scheme 4.5(a)
becomes more relevant. This results in a shortening of the lifetime for intramolecular
electron transfer. With those observations, it is possible to conclude that species A is
the intramolecular contribution to the decay of the transient absorption signal, whereas
species B can be described by the bimolecular charge recombination reactions of two tri-
ads with one of them bearing the oxidized amine and the other triad having a reduced
anthraquinone [products of the bimolecular reactions from Scheme 4.5(b-d)].
Figure 4.9 Temporal evolution of the transient absorption signals of anisyl-xy3 at (a)
380 nm, (b) 510 nm and (c) 770 nm in deoxygenated acetonitrile/water 1:1 (v:v) after
excitation at 532 nm with laser pulses of 10 ns duration. The concentrations of the
solutions were: 20 µM (black traces), 30 µM (blue traces), 40 µM (green traces) and 50
µM (red traces). (d) The ratio of the different species A and B (see text) as a function of
the triad concentration.
A crude estimation, of the importance of bimolecular reactions, can be made by comparing
the average distance between two triads and the maximal diffusion distance in solution.
In a 20 μM solution the volume available for each triad can be calculated to 8.3·107 A˚3.
A perfect distribution of molecules and a space-filling packing of cubes that are centered
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by a triad were assumed in the following. In this model, the shortest distance between
two neighboring triads can be described by the edge length of such a cube which gives
a distance of 436 A˚. This value can be compared to the maximum accessible translation
distance of molecules in solution, Rt, given by equation 4.2. The diffusion coefficient, D0,
for particles in liquid media is described by the Stokes-Einstein equation (4.2). When
combining equations 4.2 and 4.3, a few assumptions have to be made. The Stokes radius
of anisyl-xy3 is estimated to be equivalent to r = (RDA + rD + rA)/2 ≈ 25 A˚, with rD
and rA being the hard sphere radii of the donor and the acceptor (rD = rA = 5 A˚).
Within the lifetime of the charge-separated state of anisyl-xy3, t = τCR = 65 μs, the
maximum accessible translation distance can be calculated to be 1190 A˚. This is roughly
three times the average distance between two triads in solution. Although these values can
only be handled as crude estimations, they clearly demonstrate that bimolecular reactions
definitely can occur under these conditions.
Rt =
√
2D0t (4.2)
D0 =
kBT
6πηr
(4.3)
with t time
kB Boltzmann constant
T temperature (298 K)
η solvent viscosity (8.01·10-4 Pa·s for acetonitrile/water 1:1)[88]
r Stokes radius
4.4. Activation and reorganization energies
With a clear and valid assignment of the lifetimes for charge recombination of the xy3
triads at hand, the origin of the unusual distance-dependence of the rate constant for
electron transfer will be explored in detail in this section. In principle, the rate constant
for electron transfer, as described by the Marcus equation, is an interplay of three main
parameters: the reaction free energy ΔG0, the reorganization energy λ in a given solvent
environment, and the electronic coupling HDA between donor and acceptor. Latter is a
function of the properties of the electron transfer medium, represented by the distance
decay constant β, and the spatial separation between the donor/acceptor couple. In the
triad systems investigated here the reaction free energy for charge recombination ΔGCR
is virtually constant for each set of triads, as demonstrated by the cyclic voltammetry
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measurements (see Figure 4.3 and Table 4.1). Additionally, the electronic coupling is
expected to decrease with increasing distance. The molecular design of the triads ensures
that no significantly enhanced π-conjugation occurs upon bridge lengthening which could
manifest in increased electronic coupling at longer distances. As a consequence, the origin
of the unusual distance-dependence has to be found in the activation free energy and
the reorganization energy (see Chapter 2). For the determination of the activation free
energies (ΔG), the rate constants for charge recombination of all triads were measured
at different temperatures ranging from 5 °C to 65 °C. The resulting Arrhenius plots are
shown in Figure 4.10. From the slope of the linear fits to the individual measurements
the activation free energies were extracted. The results are listed in Table 4.2. The
actual decay curves at different temperatures are shown in the Appendix (Figures A1-A3).
For the shortest triads, the activation free energies range from 26 ± 3 meV (tolyl-xy1)
to 43 ± 2 meV (anisyl-xy1). The next longer triads all undergo activationless charge
recombination. Further increase of the donor-acceptor distance to the xy3 triads results
in ΔG values between 46 ± 5 meV (tolyl-xy3) and 126 ± 11 meV (veratryl-xy3). The
observation that the xy2 triads show activationless electron transfer is clearly in line with
the fact that these triads exhibit the fastest charge recombination. Using equation 4.4,
the reorganization energies can be calculated from the experimental values of ΔG0 and
ΔG, and the λ-values are listed in the fourth column of Table 4.2. The quadratic nature
of this equation produces two values for λ. Since the xy2 triads show an activationless
behavior, their reorganization energies are defined by λ = -ΔG0. With the assumption
that the reorganization energy has to increase with increasing spatial separation between
donor and acceptor in a given system[72, 89], the calculated values for λ have to be smaller
than -ΔG0 for the xy1 triads and bigger for the xy3 triads. However, this simple selection
of proper values for λ has some very important implications. It states that electron
transfer in the xy1 triads is operative in the inverted region of the Marcus theory (λ
< -ΔG0). The next longer triads show activationless (λ = -ΔG0) charge recombination
and the xy3 triads exhibit electron transfer in the normal region (λ > -ΔG
0). This
observation reflects the unusual distance-dependence of the triads with respect to their
charge-separated state lifetimes. With the experimental values for λ and the intercept of
the linear fits from the Arrhenius plot in Figure 4.10 it is possible to calculate estimates
for the electronic coupling HAD with HAD
2 = HAD,(0)
2
·exp(-β·r) according to equation 4.5.
The values are given in the last column of Table 4.2, and they are all on the same order
of magnitude, around 0.1 cm-1. This finding of a very weak distance-dependency of
the electronic coupling is surprising. Earlier studies on electron transfer along p-xylene
bridges produced β values between 0.52 and 0.77 A˚-1.[59, 60] These values were obtained
for photoinduced forward electron transfer in the normal region, whereas the triads in
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Figure 4.10 Arrhenius plots of the rate constants for charge recombination of (a-c)
anisyl-xyn, (d-f) veratryl-xyn, and (g-i) tolyl-xyn as a function of temperature in a range
between 5 °C and 65 °C . The 20 μM solutions of the triads in acetonitrile/water 1:1 (v:v)
were deoxygenated. Excitation occurred at 532 nm. The activation free energies extracted
from these plots are listed in Table 4.2.
this work undergo thermal charge recombination. Though it is known in literature that
both processes can have fundamentally different distance-dependences, due to different
superexchange pathways.[90]
∆G = (λ+∆G
0)2
4λ
(4.4)
As already mentioned at the beginning of this chapter, the Marcus equation predicts
that electron transfer rates for systems operating in the inverted region (like the xy1 tri-
ads) should exhibit a rather unique distance-dependence with rate maxima at a certain
spatial separation. Early theoretical work on this subject highlighted two opposing contri-
butions to the rate constants of electron transfer: (1) decrease of the electronic coupling
between donor and acceptor with increasing distance, associated with slower rate con-
stants, and (2) increasing reorganization energy which leads to an increase of the rate
constant up to a distance where λ = -ΔG0.[72, 89, 91] For electron transfer operating in
the normal region (small driving forces), the decrease in electronic coupling is the pre-
dominant effect leading to the well-known exponential decrease of rate constants with
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Table 4.2 Lifetimes for charge recombination τCR, activation energies ΔG
, reorganiza-
tion energies λ and electronic coupling HAD of all triads in acetonitrile/water 1:1 (v:v).
triad τCR [ns] ΔG
 [meV] λ [eV]a HAD [cm
-1]
anisyl-xy1 2800 43 ± 2 0.93 ± 0.35 0.09 ± 0.02
anisyl-xy2
b 350 -2 ± 1 1.29 ± 0.05 0.11 ± 0.01
anisyl-xy3 65000 108 ± 10 2.21 ± 0.28 0.08 ± 0.02
veratryl-xy1 3200 43 ± 2 0.91 ± 0.34 0.08 ± 0.01
veratryl-xy2
b 500 -2 ± 8 1.26 ± 0.05 0.10 ± 0.03
veratryl-xy3 75000 126 ± 11 2.31 ± 0.23 0.11 ± 0.03
tolyl-xy1 1450 26 ± 3 1.16 ± 0.38 0.09 ± 0.02
tolyl-xy2
b 140 1 ± 1 1.46 ± 0.05 0.18 ± 0.02
tolyl-xy3 41000 46 ± 5 2.02 ± 0.29 0.03 ± 0.01
a assuming ΔΔGCR = 0.05 eV.
b λ = -ΔG0 = -ΔGCR for activationless ET.
increasing distances. The reorganization energy is larger than -ΔG0 in the normal region.
Consequently, when increasing λ by increasing the spatial separation between donor and
acceptor it will lead to higher a activation barrier according to equation 4.4 and therefore,
to lower rate constants. For electron transfer in the inverted region the situation is some-
what different. The effect of increasing λ now leads to a decrease in the activation energy
since λ < -ΔG0 and therefore, facilitates electron transfer. Depending on the individ-
ual system (especially when the drop of electronic coupling with increasing separation is
rather small), this effect can compensate the decrease of the rate constants caused by the
loss of electronic coupling. Any further increase of the electron transfer distance leads to a
larger reorganization energy than -ΔG0, causing the system to be operative in the normal
region of the Marcus equation. Figure 4.11 displays the calculated rate constants for
electron transfer in acetonitrile according to the Marcus equation (4.5). The reorganiza-
tion energy λ itself is comprised of an inner-sphere reorganization energy, λin, representing
changes in bond lengths and angles upon electron transfer and the reorganization of the
solvent, λout(equation 4.6). The contribution of λin is mostly independent of the distance
between donor and acceptor and is usually much smaller than the solvent reorganization
energy. The input values were set as follows and are in a typical range for donor-acceptor
assemblies: HAD,(0) = 200 cm
-1, β = 0.50 A˚-1, rA = rD = 5.0 A˚, λin = 0.1 eV.
kET =
2π
h
H2AD,(0) · e−β(RDA−σ)
√
π
λkBT
· e
[
−
(λ+∆G)2
4λkBT
]
(4.5)
λ = λin + λout = λin +
e2
4πε0
(
1
2rA
+ 1
2rD
− 1
RDA
)
·
(
1
Dop
− 1
Ds
)
(4.6)
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with h Planck constant
σv sum of the hard sphere radii (rA + rD)
kB Boltzmann constant
T temperature (298 K)
ε0 vacuum permittivity
Dop optical dielectric constant of the solvent
D s static dielectric constant of the solvent
Figure 4.11 (a) Distance-dependence of electron transfer rate constants in the inverted
region (ΔG0 = -2.0 eV) calculated from equations 4.4 and 4.5 using HAD,(0) = 200 cm
-1,
β = 0.50 A˚-1, rA = rD = 5.0 A˚, λin = 0.1 eV. (b) Gaussian free energy curves with the
same input values for distances r of 10 A˚ (black trace), 20 A˚ (green trace) and 30 A˚ (red
trace).
The calculated rate constants in Figure 4.11a for the inverted region (ΔG0 = -2.0 eV) ex-
hibit a rate maximum which is not at close proximity of the redox centers. This behavior is
similar to the observation made for the three sets of triads. In addition, the Gaussian free
energy curves (so called Marcus parabola) for three different donor-acceptor distances
are shown in Figure 4.11b. These curves demonstrate that the observed phenomenon of a
rate maximum at long distances is predicted only for the inverted region with very large
driving forces. Although the experimental data follow exactly the same trend, it was not
possible to fit the measured rate constants to the Marcus equation. The main deviation
from the theoretical values stems from the fact that the measured reorganization energies
do not fit the two-sphere model in equation 4.5. This model describes the solvent reorga-
nization energy as a function of the size of the redox centers, their spatial separation, and
the polarity of the solvent. For acetonitrile/water 1:1 (εr = 55.7
[85], n = 1.347[92]) and
hard-sphere radii of 5 A˚, the outer-sphere reorganization energy reaches a maximum value
of 1.54 eV at an infinite distance. Assuming an independent λin of 0.1 eV a maximum
total reorganization energy of 1.64 eV is predicted. That value is obviously not in line
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with the experimental data showing reorganization energies of more than 2.0 eV for the
xy3 triads. There are several weaknesses of the two-sphere model that might explain this
discrepancy. One possible explanation is that the theoretical model does not take into
account any coulombic interactions between the solvent and the charged photosensitizer.
Considering a twofold positively charged metal center like Ru(bpy)3
2+, with two addi-
tional counter ions, one might think of the solvent molecules being somewhat shielded
from changes in polarity due to electron transfer reactions. If so, this effect would lower
the reorganization energy especially for the shortest triads. It would probably have much
less effect on the longest ones, because it clearly depends on the distance between the
redox centers and the charged photosensitizer. A second, even more important weakness
of equation 4.6 is that it treats the solvent environment as chemically inert molecules.
In fact, the formation of any bonds between the solvent and the redox centers is ne-
glected. This assumption does not hold true for water. As already demonstrated in the
electrochemical measurements, the reduced anthraquinone undergoes hydrogen bonding
to surrounding water molecules (see Figures 4.3-4.6). Under these conditions, water can
not be treated as an inert solvent which is probably the main reason for the deviation of
the experimental values for λ from the two-sphere model. In a previous study the reor-
ganization energy for the proton-coupled electron transfer reaction of a phenolic unit has
been determined to be 2.0 eV.[93] However, within the same molecule the reorganization
energy for pure electron transfer was found to be only 0.9 eV.[93] Although in the triad
systems investigated in this chapter only hydrogen bonding and not proton transfer was
observed, this example strongly supports the hypothesis that the two-sphere model for λ
only holds true for solvents which do not chemically interact with the redox centers.
In the previous sections of this chapter, the major contribution of the reorganization
energy to the effect of rate maxima at large distances has been discussed. The fact that
the experimentally obtained values for λ are in contrast to the established two-sphere
model was mainly attributed to the formation of hydrogen bonds between bulk water and
the anthraquinone anion. This hypothesis still requires further investigation to validate
the rather large reorganization energies obtained in acetonitrile/water. For that reason a
complete set of data in neat acetonitrile was prepared for anisyl-xyn and will be discussed
in the following section.
4.5. Measurements of anisyl triads in neat acetonitrile
The main objective of this section is to explore whether the effect of a rate maximum
at large donor-acceptor distances can be reproduced using non-aqueous solvents such
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as neat acetonitrile. This was done with the anisyl-xyn triads. Experimental data for
the reorganization energies associated with charge recombination will be compared to
those obtained in acetonitrile/water. This investigation aims towards validation of the
hypothesis that hydrogen bonds are the reason for the larger λ values in the xy3 triads as
compared to the theoretical prediction.
Figure 4.12 Cyclic voltammograms of 1 mM anisyl-xy1 (black trace), anisyl-xy2 (green
trace) and anisyl-xy3 (red trace) in acetonitrile with additional 0.1 M TBAPF6 as sup-
porting electrolyte. The scan rate was 0.1 V/s. The asterisk marks the adsorption peaks
associated with the second reduction of anthraquinone.
In Figure 4.12 the cyclic voltammograms of the anisyl-xyn triads in acetonitrile are shown.
The oxidation of the triarylamine occurs between 0.79 V and 0.72 V vs. SCE. The
reduction of the anthraquinone appears to be between -0.89 V and -0.82 V vs. SCE.
As commonly observed for Ru(bpy)3
2+, three reversible reduction waves appear between
-1.1 V and -1.8 V, accompanied by an oxidation wave at 1.38 V vs. SCE. The second
reduction of the anthraquinone moiety overlaps with the bpy reductions, and is associated
with an adsorption peak around -1.55 V (marked with an asterisk). Another irreversible
wave can be detected at 1.30 V overlapping with the oxidation of the photosensitizer. It
can be assigned to the second oxidation of the triarylamine. All relevant potentials are
listed in Table 4.3. From the reduction potentials of the donor and the acceptor the driving
forces for charge recombination were calculated using equation 4.1. The ΔGCR-values are
noted in the last column of Table 4.3. The reaction free energies for charge recombination,
ΔGCR, are virtually identical for all three triads. They are roughly 0.3 eV more exergonic
than in acetonitrile/water 1:1. This is because neat acetonitrile is less polar, leading
to a decreased stabilization of the charged species. In addition, no charge stabilizing
hydrogen bonds can be formed, resulting in a charge-separated state which is higher in
energy. A detailed discussion of the photoinduced electron transfer steps leading to the
charge-separated step was performed in earlier studies in our group for anisyl-xy1.
[79, 94]
A reaction sequence of electron transfer from TAA to the excited photosensitizer followed
by reduction of anthraquinone was observed. For thermodynamic reasons, this sequence
is expected to be applicable for all anisyl-xyn triads in acetonitrile.
The transient absorption spectra of the anisyl-xyn triads in acetonitrile are shown in
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Table 4.3 Reduction potentials (in Volts vs. SCE) of anisyl-xyn in acetonitrile and driving
forces for charge recombination.
triad E (RuII/I) E (AQ0/-) E (TAA+/0) E (RuIII/II) RDA [A˚] ΔGCR [eV]
a
anisyl-xy1 -1.16 -0.82 0.79 1.37 22.0 -1.62
anisyl-xy2 -1.18 -0.87 0.73 1.38 30.6 -1.61
anisyl-xy3 -1.19 -0.89 0.72 1.38 39.2 -1.62
a calculated using equation 4.1.
Figure 4.13 (a) Transient absorption spectra of 20 μM anisyl-xyn in deoxygenated ace-
tonitrile. The spectra were recorded within 200 ns either directly (anisyl-xy1) or with
delay times of 100 ns (anisyl-xy2) and 2 μs (anisyl-xy3) after excitation at 532 nm with
pulses of 10 ns duration. (b) Decay of the transient absorption signals of the three triads
at 770 nm. The color code is: anisyl-xy1 (black traces), anisyl-xy2 (green traces) and
anisyl-xy3 (red traces).
Figure 4.13a and they are consistent with spectra reported previously for anisyl-xy1 in non-
aqueous solutions.[79, 81] Compared to the spectra obtained in acetonitrile/water 1:1, there
is a shift in the transient absorption band of AQ- to 570 nm due to the absence of hydrogen
bonds. The decay kinetics of the charge-separated state were identical at all detection
wavelengths, indicating that a single electron transfer step leads to charge recombination.
Exemplary decays of the most intense transient absorption signal for the three triads at
770 nm are shown in Figure 4.13b. The lifetimes extracted from these decays are given in
Table 4.4. Similar to the measurements in acetonitrile/water, a rate maximum for charge
recombination can be observed for anisyl-xy2 with τCR= 160 ns, whereas lifetimes of
1600 ns for anisyl-xy1 and 27 μs for anisyl-xy3 were obtained. The decays of the transient
absorption signals for anisyl-xy2 and anisyl-xy3 are not mono-exponential. For anisyl-
xy3 an identical behavior was observed as for the measurements in acetonitrile/water. A
short component with a lifetime of 160 ns, exhibiting the same spectral signature as the
excited state of TMS-xy2-Ru-xy2-TMS was observed. As a result, on short timescales the
3MLCT state is observed. Additionally, the decay of the actual charge-separated state
revealed a contribution with lifetimes of several hundred microseconds corresponding to
bimolecular recombination reactions (see Scheme 4.5) . For anisyl-xy2 a bi-exponential
decay was detected with lifetimes of 30 ns and 160 ns. The spectra of the faster decaying
component could not be resolved because of similar amplitudes and rate constants of the
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Figure 4.14Arrhenius plots of the rate constants for charge recombination of (a) anisyl-
xy1, (b) anisyl-xy2, and (c) anisyl-xy3. The 20 μM solutions of the triads in acetonitrile
were deoxygenated. Excitation occurred at 532 nm. The activation free energies extracted
from these plots are listed in Table 4.4.
Table 4.4 Lifetimes for charge recombination τCR, activation free energies ΔG
and reor-
ganization energies λ for the anisyl-xyn triads in acetonitrile.
triad τCR [ns] ΔG
 [meV] λ [eV]a
anisyl-xy1 1600 26 ± 2 1.26 ± 0.47
anisyl-xy2
b 160 -41 ± 6 1.61 ± 0.05
anisyl-xy3
b 27000 11 ± 11 1.62 ± 0.05
a assuming ΔΔGCR = 0.05 eV.
b λ = -ΔG0 = -ΔGCR for activationless ET.
two decays. However, from thermodynamic considerations the short component can be
assigned most likely to an intermediate of the electron transfer cascade, bearing a reduced
photosensitizer and an oxidized amine. In contrast to anisyl-xy1, the somewhat more
intense TAA+ signal compared to the AQ- signal at 570 nm for anisyl-xy2 is an indication
for this assignment.
The activation energies, ΔG, were obtained from Arrhenius plots (Figure 4.14) in
the temperature range between 5 °C and 65 °C, performed in the same manner as for
the previous measurements. The actual decays for the triads are shown in Figure A4
in the Appendix. For the shortest triad, an activation free energy of 26 ± 2 meV was
extracted from Figure 4.14, whereas the next longer xy2 triad shows a negative activation
energy of -41 ± 6 meV. This phenomenon of a negative activation energy is very likely the
result of a conformational equilibrium, decreasing the electronic coupling with increasing
temperature. Similar behavior has been observed in other donor-acceptor systems.[95]
For anisyl-xy3, the transient absorption signals are very weak due to charge separation
becoming much less competitive with increasing distance with respect to the decay of the
3MLCT state. This results in rather large uncertainties for the individual rate constants
for intramolecular charge recombination in anisyl-xy3 at different temperatures, which
manifests in a large scattering of the data points in the respective Arrhenius plot.
The reorganization energies λ have been calculated with equation 4.4 using the experi-
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mental values of ΔG0 and ΔG. The results are listed in Table 4.4. For anisyl-xy2 an
activationless behavior was assumed. The same was done for anisyl-xy3 because no clear
trend in the Arrhenius plot could be observed due to the large scattering of the data
points. With the obtained λ values of 1.26 ± 0.47 eV (anisyl-xy1), 1.61 ± 0.05 eV (anisyl-
xy2), and 1.62 ± 0.05 eV (anisyl-xy3), a saturation effect for the reorganization energy
was found at long distances. Indeed, an upper limit of 1.6 eV for λ is in perfect agree-
ment with the two-sphere electrostatic model (assuming an independent λin of 0.1 eV)
as discussed for the acetonitrile/water measurements. In fact, it demonstrates that this
theoretical model is suitable for inert solvents in which only electrostatic contributions to
the reorganization energy need to be considered. In contrast, the model fails for systems
where bond formation or bond breaking, i.e. proton transfer or hydrogen bonding, plays
an important role. Considering these conclusions with respect to the electron transfer rate
constants obtained for charge recombination in acetonitrile/water, it is not surprising that
a fit of the experimental data to the two-sphere model was unsuccessful.
4.6. Reaction free energy dependence
Aside from the unusual distance-dependence of the three triads discussed in detail in the
prior sections, another important conclusion can be extracted from the experimental data.
As already mentioned in Chapter 2, the Marucs equation predicts that in a given sys-
tem electron transfer rates increase in the normal region (λ > -ΔG0) when increasing the
reaction free energy. A further increase of the driving force leads to the opposite effect
of decreasing rate constants, the so called inverted Marucs region (λ < -ΔG0). The
molecular design of the three investigated series of triads allows a more detailed inves-
tigation of this effect. In this context, especially the shortest xy1 triads are of interest
since their charge recombination reaction take place in the inverted region. The reaction
free energies were found to be -1.30 eV (veratryl-xy1), -1.34 eV (anisyl-xy1), and -1.51 eV
(tolyl-xy1), respectively (Table 4.1). This clear trend in ΔGCR should manifest in a situ-
ation where the triad with the largest driving force, in this case tolyl-xy1, should exhibit
the smallest rate constant. On the other hand, the significantly less exergonic electron
transfer of veratryl-xy1 should occur much faster. However, the opposite was observed.
Tolyl-xy1 is undergoing faster electron transfer than veratryl-xy1 (see Table 4.2). The
same observation was made when comparing the electron transfer rates of anisyl-xy1 in
acetonitrile/water 1:1 (v:v) and in neat acetonitrile. In aqueous solution the reaction free
energy is less exergonic by about 0.3 eV, therefore, thermal back-ET is expected to occur
faster than in neat acetonitrile. However, the actual lifetimes are 2800 ns in acetoni-
trile/water and 1600 ns in pure acetonitrile. The reason for this unexpected behavior is
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that the statement of decreasing rate constants with increasing reaction free energy in the
inverted region is only true if the reorganization energy is kept constant. In practice, this
is usually not the case. Altering a system’s driving force usually means that either the
solvent polarity or the chemical nature of the acceptor or donor is changed. Considering
that the reorganization energy mainly depends on the solvent reorganization, the value for
λ does not necessarily need to stay constant. For example, when changing the methoxy-
substituents on the anisyl-xy1 triad to methyl-substituents (tolyl-xy1) in order to change
the reaction free energy, the reorganization energy changes significantly from 0.93 eV to
1.16 eV. This fact demonstrates that ΔG-dependent measurements generally need to be
conducted in relation to the individual reorganization energies. When comparing the
lifetimes of the xy1 triads with regard to the ratio between driving force and reorganiza-
tion energy (-ΔG0/ λ), the expected behavior for systems operative in the inverted region
becomes visible. Comparing the degree of inversion for veratryl-xy1 (-ΔGCR/ λ = 1.43)
and tolyl-xy1 (-ΔGCR/ λ = 1.30) it becomes obvious that the latter is significantly less
inverted and consequently, showing faster rate constants for electron transfer. The same
observation can be made for anisyl-xy1 in aqueous solution and in neat acetonitrile. In
acetonitrile/water the degree of inversion is found to be 1.44, whereas for neat acetonitrile
it is only 1.29, resulting in faster electron transfer in neat acetonitrile.
The observation that the ratio -ΔG0/ λ has to be considered for driving force-dependent
investigations is not new. However, this effect is often underestimated. For the set of
triads investigated, the importance of this consideration is not negligible. Particularly the
observation of this effect for the anisyl-xy1 triad in different solvent systems is important
because driving force-dependent measurements are often performed by merely changing
the solvent polarity. The present study shows that this is clearly not adequate in all cases.
4.7. Summary
The aim of this study was the investigation of the distance-dependence of long-range
electron transfer. Three series of rigid linear triads with well defined donor-acceptor
distances between 22.0 A˚ and 39.2 A˚ were synthesized and investigated with respect to
their electron transfer kinetics. The time-resolved measurements focused on the thermal
back-ET of the photochemically formed charge-separated state. The rate constants for
this electron transfer revealed an unusual distance-dependence with rate maxima for large
spatial separation. This phenomenon was attributed to a change-over from Marcus
inverted electron transfer at short distances to electron transfer operating in the normal
region at large separation. At intermediate distance an activationless (and consequently
very fast) ET was observed, caused by an increase in reorganization energy. This counter-
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Figure 4.15 Distance dependence of kET for charge recombination in the three series of
triads.
intuitive behavior of increasing rate constants with increasing distance to a maximum
value with a subsequent decrease for increased separation as shown in Figure 4.15, though
predicted earlier,[72–74] has not yet been observed in experimental studies.
This observation is not only of particular interest for the general understanding of electron
transfer, but it is also of fundamental importance for the conversion of solar light to
chemical energy. Photoinduced electron transfer from a donor to an acceptor producing
a charge-separated state usually occurs in the normal region of the Marcus theory.
Accordingly, for bimolecular reactions these electron transfers occur preferably when both
reactants are at close contact. For conversion of solar light into chemical energy, the
thermal charge recombination of this initially formed electron-hole pair is an undesired,
energy-wasting process. In fact, back electron transfer from the reduced acceptor to the
oxidized donor often occurs in the inverted region, presumably with rate maxima at large
separations as shown in Scheme 4.1. Usually, after formation of a charge-separated state,
the donor and acceptor diffuse away from each other, passing a region where an undesired
thermal back-reaction becomes more favorable. This suggests that the quantum yield
for the conversion of solar light to chemical energy can be drastically limited due to this
effect.
Another important conclusion drawn from the experimental data concerns the importance
of considering the reorganization energy for driving force-dependent measurements. It was
shown that within the series of the shortest triads, operating in the inverted region, the
expected effect of slower rate constants with increasing driving force was not observed. The
opposite is the case. Consequently, a satisfying correlation with the expected behavior was
only found when the ratio of -ΔG0/ λ, characterizing the certain degree of inversion, was
considered. This finding, again, demonstrates the importance of the reorganization energy
which is commonly underestimated. Especially with respect to driving force-dependent
measurements done by altering the solvent polarity, as often found in literature, the
importance of considering the reorganization energies becomes evident.
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5. Charge Accumulation in a Molecular
Pentad
Aside from single-electron transfer, whether proton-coupled or not, recent studies on
charge separation turned their focus towards the accumulation of charges.[96] Efficient
generation of solar fuels, for example hydrogen formation from protons or CO2 reduc-
tion, requires at least two redox equivalents as discussed in Chapter 2. Several examples
have been reported in literature using sacrificial agents[47, 48, 97] or nanoparticles[50, 51, 98] to
achieve charge accumulation. Purely molecular systems which do not depend on sacrificial
agents are still very rare and exhibit short lifetimes, on the order of a few nanoseconds, for
the twofold charge-separated state.[52, 53]Recently, an approach to accumulate two redox
equivalents on one donor and one acceptor, respectively, within a molecular assembly was
reported by our group.[99] The lack of evidence for twofold charge-separated species in this
study reflects the difficulties accompanied with photoinduced build-up of more than one
charge on a single small molecule.
Scheme 5.1 (a) Pentad investigated with respect to its charge accumulation abilities.
(b) Reference triad.
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In this study a purely molecular system theoretically capable to accumulate two redox
equivalents without the need of high-energy sacrificial agents was designed. The principle
of a donor-photosensitizer-acceptor assembly, as used for example in the studies in Chap-
ter 4, was extended to the pentad system shown in Scheme 5.1. A detailed description
of the synthesis of the molecules used in this study is given in the experimental section
in Chapter 7. The pentad is composed of a central two-electron acceptor which is co-
valently linked to two photosensitizer-donor assemblies. Anthraquinone (AQ), with its
well-documented redox-chemistry, served as the central electron accepting site. triary-
lamines were used as one-electron donors in combination with Ru(bpy)3
2+ photosensitiz-
ers. As bridging units p-xylene and p-di-n-hexylphenylene units were applied. The latter
were introduced for solubility reasons. By accumulating two charges on a single small
molecule, very high-energy species are generated. This points towards two mayor draw-
backs of charge accumulation: (1) high redox potentials that might exceed those of the
photosensitizer, and (2) a high tendency for thermal charge recombination. In contrast,
protonation in combination with electron transfer results in a neutral species, leading to
a situation where a possible second charge would lack any electrostatic repulsions within
the molecule. Consequently, storing a second redox equivalent on any moiety is usually
much easier when associated with proton transfer. Therefore anthraquinone was chosen
as an electron accumulating site.
5.1. Optical absorption
Figure 5.1 UV-Vis absorption spectra of 20 μM solutions of the pentad (red trace) and
the reference triad (blue trace) in acetonitrile.
The absorption spectra of 20 μM solutions of the pentad and the reference triad in ace-
tonitrile are shown in Figure 5.1. As expected, both complexes show nearly identical
absorption spectra, with the intensity of the absorption bands being twice as high for
the pentad compared to the reference triad. In both cases a prominent absorption band
around 450 nm was detected which can be assigned to a metal-to-ligand charge transfer
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(MLCT) as well as an absorption band around 290 nm arising from π  π* transitions
centered on the bipyridine ligands. A broad absorption band between 300 nm and 400 nm,
shaped as a shoulder, can be attributed to transitions originating from anthraquinone as
well as from the triarylamines.
5.2. Electrochemistry and reaction free energies
In order to estimate the reaction free energies for the individual charge separation steps,
the redox potentials of the relevant moieties were determined by cyclic voltammetry. The
measurements were performed in deoxygenated acetonitrile containing 1 mM substrate
and 0.1 M TBAPF6 as supporting electrolyte. The measured voltammograms are shown
in Figure 5.2 and the extracted potentials are summarized in Table 5.1.
Figure 5.2 Cyclic voltammograms of 1 mM solutions of (a) the pentad and (b) the
reference triad in acetonitrile with 0.1 M TBAPF6 as supporting electrolyte and a scan
rate of 0.1 V/s. The oxidative and reductive sweeps were measured separately to obtain
voltammograms of higher quality. The asterisk marks the adsorption peak associated with
the second reduction of anthraquinone.
Table 5.1 Reduction potentials (in Volts vs. SCE) of the relevant species of the pentad
and the reference triad in acetonitrile extracted from Figure 5.2.
pentad triad
E (RuIII/II) 1.33 1.33
E (TAA+/0) 0.69 0.70
E (AQ0/-) -0.84 -0.83
E (AQ-/2-)a -1.34 -1.34
E (RuII/I) -1.26 -1.28
a in DMF, taken from reference [87].
The voltammograms in Figure 5.2 exhibit nearly identical reduction potentials in the
pentad and the reference triad. The voltammograms of the triad are not discussed in
more detail. In the pentad, oxidation of the Ru(bpy)3
2+ photosensitizer was observed at
1.33 V, bipyridine-centered reduction waves are between -1.25 V and -1.80 V. Although
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all three reduction waves were observed for the reference triad, for the pentad only the
relevant first reduction wave at -1.26 V was well observable. The oxidation wave of
the electron donor moiety, TAA, was detected at a potential of 0.69 V vs. SCE in the
pentad. The first reduction of anthraquinone was found to occur at -0.84 V, whereas
the second reduction wave overlaps with the bpy reductions resulting in an adsorption
peak around -1.3 V (marked with an asterisk in Figure 5.2). Since a proper value for the
reduction potential of AQ2- could not be observed, the reported value of -1.34 V vs. SCE
in DMF was used for further calculations.[87] With all relevant redox potentials at hand,
the energies of the individual species involved during charge accumulation were calculated
with equation 5.1. for the pentad in neat acetonitrile.
E = e · (∑Eox −
∑
Ered) (5.1)
pKA(MeCN) = 12.31 + 0.98 · pKA(DMSO) (5.2)
∆GPT = −e · 0.059V · [pKA(base)− pKA(acid)] (5.3)
Scheme 5.2 Energy diagram for the formation of the first (CSS1) and second (CSS2)
charge-separated state in the pentad in neat acetonitrile based on the redox potentials
listed in Table 5.1.
Scheme 5.2 shows the energy level diagram developed for photoinduced charge accumula-
tion in the pentad in neat acetonitrile based on the reduction potentials listed in Table 5.1.
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Explicit calculations of the energies of the individual states are given in the Appendix.
It has to be noted that these energy estimates, though reported with two digits, are only
accurate to ±0.1 eV for electron transfers and to ±0.3 eV for proton transfer steps. Af-
ter excitation of the pentad (excitation energy: E00 = 2.12 eV
[86]), the formation of the
first charge-separated state (CSS1) at 1.53 eV occurs via oxidation of the triarylamine,
followed by electron transfer from the reduced photosensitizer to the anthraquinone site.
After absorption of a second photon, electron transfer from the excited CSS1 to the singly
reduced anthraquinone is endergonic by 0.55 eV and therefore unlikely. In contrast, ox-
idation of the second triarylamine is exergonic by 0.17 eV, similar to the formation of
CSS1, leading to a state at 3.48 eV comprised of two oxidized amines, AQ-, and a reduced
photosensitizer. From that state, electron transfer from the reduced photosensitizer to
the central anthraquinone is slightly endergonic by roughly 0.1 eV. In other words, the
formation of CSS2 is not favored from a thermodynamic point of view. However, slightly
endergonic reactions might still occur, though a low quantum yield for charge accumula-
tion in neat acetonitrile is to be expected. To compensate for this disadvantage, proton
transfer coupled to charge accumulation seems to be a promising possibility. In order to
estimate the energies of the relevant states, the pKA of a given acid and those of the re-
duced anthraquinone species in acetonitrile need to be considered. However, pKA values
for the anthraquinone species have not been reported in literature, neither for acetonitrile
nor DMSO. As an alternative, the pKA values of p-benzoquinone were considered. Its
pKA values in DMSO
[100] were used to estimate values in acetonitrile by applying equa-
tion 5.2.[101] For all spectroscopic measurements, chloroacetic acid (with a pKA value of
18.8 in acetonitrile[102]) was used as the proton source. Attempts to determine the pKA
value for neutral TAA failed. UV/Vis titration experiments with much stronger acids
like trifluoroacetic acid gave no significant spectral changes. As a result, under the con-
ditions applied for the spectroscopic measurements no protonation of TAA is expected.
All relevant acidity constants are listed in Table 5.2. Additionally, the driving forces for
the protonation of the individual anthraquinone species, ΔGPT , were calculated using
equation 5.3. They are noted in the last column of Table 5.2. The protonation of singly
reduced anthraquinone by chloroacetic acid is exergonic by 0.25 eV. The driving force
is expected to be -1.15 eV for the first protonation step and -0.75 eV for the second
protonation, respectively.
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Table 5.2 Acid-base constants, pKA, for p-benzoquinone (BQ) and chloroacetic acid in
acetonitrile and driving forces, ΔGPT , for the individual protonation steps of singly and
twofold reduced anthraquinone.
compound pKA (MeCN) ΔGPT[eV]
a
chloroacetic acid 18.8b
BQH· 23.1c -0.25
BQH- 38.3c -1.15
BQH2 31.7
c -0.75
a calculated using equation 5.3. b from reference [102].
c calculated from reference [100] using equation 5.2
Scheme 5.3 Energy diagram for the formation of the first (CSS1) and second (CSS2)
charge-separated state in the pentad in acetonitrile in the presence of chloroacetic acid
as a proton donor. The energies were calculated based on the redox potentials listed in
Table 5.1 and the estimated values for ΔGPT as listed in Table 5.2.
With the calculated driving forces for the individual protonation steps, the energy scheme
for charge accumulation in the pentad was extended, now also taking into account the pro-
tonated states (Scheme 5.3). Explicit calculations of the energies of the individual states
are given in the Appendix. According to Scheme 5.3, the formation of CSS1 involves pro-
tonation of the semiquinone by chloroacetic acid, yielding a charge-separated state which
is lower in energy by 0.25 eV than that formed in neat acetonitrile. After a second photon
is absorbed, the excited state of CSS1 can now undergo two possible electron transfer
pathways: (1) oxidative quenching to form a second TAA+, and (2) reductive quenching,
producing AQH-. However, the thermodynamic estimations clearly show that formation
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of the second charge-separated state (CSS2) is exergonic for both intermediate species.
With the uptake of a second proton by the twofold reduced anthraquinone, a final CSS2
at 1.66 eV should be reached. The calculated values for the protonated states, of course,
bear a relatively high uncertainty, due to the fact that pKA values of p-benzoquinone
were employed. Nevertheless, the comparison with the expected thermodynamics in neat
acetonitrile clearly demonstrate that charge accumulation should be achieved more easily
with concomitant protonation of anthraquinone. Additionally, thermal back-ET to the
ground state coupled to release of the proton(s) might be slowed down drastically. This
is due to the bimolecular nature of the proton transfer reaction (even trimolecular for
AQH2) to the conjugate chloroacetic acid. As a consequence, if charge accumulation is
observed in the pentad, the lifetime of CSS2 will potentially be much longer compared to
the lifetimes that have been reported for other purely molecular systems without sacrificial
agents.[52, 53]
5.3. Transient IR spectroscopy in absence of acid
As shown in Scheme 5.2, the final electron transfer step to generate the second charge-
separated state is slightly endergonic in pure acetonitrile. Although not favored, this CSS2
might be populated to a certain extent. The probability of a single pentad being excited
twice within the same laser pulse is generally rather low. Therefore, it can be expected that
mainly the CSS1 will be observed. As a consequence, transient UV/Vis spectroscopy is
not suitable to unambiguously observe minor contributions of a CSS2. Even more so when
considering that charge recombination of the CSS2 might be faster compared to the CSS1.
In contrast ultrafast transient IR spectroscopy could be more suitable to detect a possible
AQ2- species unambiguously. The carbonyl functionalities within the anthraquinone give
rise to a very specific detection of singly and twofold reduced species, respectively.[103, 104]
The relevant IR measurements were conducted by Margherita Orazietti from the group
of Prof. Peter Hamm at the university of Zu¨rich.
Having in mind the quadratic power-dependency of a two-photon process such as charge
accumulation in the pentad, it is necessary to estimate the excitation probability. For the
transient IR experiments 415 nm laser pulses with an energy of 2 μJ and a laser beam
diameter of 150 μm FWHM were used. The optical path length was 50 μm. With a
pentad concentration of 1 mM and and extinction coefficient of ε415 = 32800 M
-1 cm-1
(from Figure 5.1) the excitation probability can be estimated to be 62 %. This is a more
than sufficient value for two-photon processes. The transient IR spectra of the pentad
and the reference triad in deoxygenated CD3CN recorded 0.5 ns after excitation with
100 fs pulses are shown in Figure 5.3. Both compounds exhibit a prominent bleach at
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1508 cm-1 associated with a signal at 1576 cm-1 . These spectral features can be attributed
to the loss of ground state absorption of the triarylamine and the formation of TAA+,
respectively.[105] Bleaches associated with the depletion of anthraquinone were detected at
1322, 1600 and 1680 cm-1. Recently, spectro-electrochemical IR studies on anthraquinone
reported absorption bands at 1487 cm-1 and 1403 cm-1 for the singly reduced species.
[106] These reported values are clearly in line with the observed signals at 1485 cm-1 for
the pentad and the reference triad, confirming the formation of AQ-. In other words, the
CSS1 was observed for both complexes, as expected from the thermodynamic estimations.
However, a signal at 1404 cm-1 was only detected for the reference triad. In addition to
that, the transient spectrum of the pentad exhibits a signal around 1365 cm-1 which is
not present in the reference triad as shown in Figure 5.3. The IR spectro-electrochemical
studies mentioned earlier report a signal at 1356 cm-1 for twofold reduced anthraquinone
(AQ2-).[106] These observations suggest that formation of the CSS2 is observed in the pen-
tad. In contrast, in the reference triad the formation of a two-fold reduced anthraquinone
is very unlikely from a thermodynamic viewpoint. Furthermore, the photosensitizer in
the reference triad would have to absorb a second photon after formation of the CSS1.
The complete formation of the CSS1 in a similar triad (anisyl-xy1 from Chapter 4) was
reported to occur within 200 ps.[94] However, with an excitation pulse duration of 100 fs
for the transient IR measurements, the absorption of a second photon after formation of
the CSS1 is very unlikely. Consequently, only the pentad which bear two photosensitizer
moieties can absorb a second photon and form the CSS2 under these conditions.
Figure 5.3 Transient IR spectra of the pentad (red trace) and the reference triad (blue
trace) in dry deoxygenated CD3CN (c = 1 mM). The spectra were recorded 0.5 ns after
excitation with 415 nm laser pulses. The pulse duration was 100 fs with an energy of 2 μJ
and a beam diameter of approximately 150 μm FWHM.
The temporal evolution of the transient IR absorption signals of the pentad are shown in
Figure 5.4. From the kinetic data a time constant of 40 ps for the formation of the singly
reduced anthraquinone at 1483 cm-1 can be extracted. The second charge-separated state
(CSS2), indicated by the signal of AQ2- at 1365 cm-1, is formed with a time constant of
62 ps. The signal of TAA+ at 1575 cm-1 exhibits a rather complex rise kinetic, due to a
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spectral overlap with the signal for the excited state of the photosensitizer. In accordance
with the signal of AQ2-, complete formation of TAA+ was observed within 180 ps. The
decays of the observed signals on longer timescales are similar and biexponential for all
detected wavenumbers. Hereby the time constants of the faster decay were determined to
be 851 ns (TAA+), 942 ns (AQ-), and 907 ns (AQ2-) whereas the longer decay components
exhibits lifetimes of 12.7 μs (TAA+), 13.9 μs (AQ-), and 13.3 μs (AQ2-), respectively.
From transient UV/Vis absorption experiments conducted with a similar triad, the CSS1
is supposed to exhibit lifetimes on the order of 1.6 μs in acetonitrile (see anisyl-xy1 in
Table 4.4). This discrepancy probably stems from the high sample concentrations of
1 mM used for the IR measurements. This can lead to bimolecular charge recombination
reactions which would cause a shortening of the lifetime of the charge separated states.
Furthermore, bimolecular reactions leading to separated oxidized and reduced species
on different pentad molecules (analog to Scheme 4.5) is expected to occur. While the
lifetime of the CSS1 is not surprising, the relatively long lifetime of the CSS2 is particularly
remarkable when considering a stored energy of 3.56 eV (see Scheme 5.2) and the multitude
of possible decay pathways. However, recombination of the CSS1 to the ground state is
associated with a reaction free energy of ΔG = -1.53 eV and is supposed to operate in the
Marcus-inverted region (see anisyl-xy1 from Chapter 4). Recombination of the CSS2 to
CSS1 is associated with a reaction free energy of ΔG ≈ -2 eV and therefore might be
decelerated by an inverted-driving force effect.
Figure 5.4 Temporal evolution of the transient IR absorption signals of the pentad from
Figure 5.3. The detected signals are: 1576 cm-1 (pale blue trace, TAA+), 1483 cm-1 (green
trace, AQ-), and 1365 cm-1 (orange trace, AQ2-).
5.4. Transient UV/Vis spectroscopy
The UV/Vis spectral properties of the charge-separated states can be described as a
superimposition of the spectral features of TAA+ and the different anthraquinone species,
respectively. In order to identify the anthraquinone contribution to the overall transient
absorption spectrum, the precise spectral signature of TAA+ in the pentad is needed.
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The signature of TAA+ can be subtracted from the transient spectra, in order to obtain
the corresponding absorption features of the anthraquinone species. For that reason,
spectro-electrochemical measurements were performed on the pentad. Figure 5.5 depicts
the difference-absorption spectrum after an applied potential of +0.8 V vs. SCE (TAA
oxidation) in deoxygenated acetonitrile. The results are similar to what was observed
for the anisyl-xy1 triad in Chapter 4. The spectrum shows two prominent absorptions
at 770 nm and 370 nm. Additionally, a bleach in the MLCT region around 450 nm was
detected.
Figure 5.5 Spectro-electrochemical measurements, showing the UV/Vis difference-
absorption spectrum of the pentad obtained after applying a potential of +0.8 V vs.
SCE (TAA oxidation). The sample contained 0.2 mM of the pentad with 0.1 M TBAPF6
as supporting electrolyte in acetonitrile. The solution was deoxygenated prior to the
measurement. The baseline corresponds to no applied potential.
The transient UV/Vis measurements were performed in acetonitrile solution and excita-
tion occurred with 10 ns laser pulses at 532 nm. The energy per laser pulse was approxi-
mately 44 mJ with a beam diameter of approximately 0.6 cm. The pentad concentration
was 20 μM with an extinction coefficient of ε532 = 3350 M
-1 cm-1 (see Figure 5.1) . With
these values in hand, a theoretical excitation probability of 5 can be calculated concluding
an excitation probability of 100 %. With regard to the quadratic power-dependency of
two-photon processes, this is deeply in the saturation regime. The transient UV/Vis ex-
periments were performed under aerated conditions which usually results in significantly
shorter lifetimes for charge-separated states. As a result, the likelihood of bimolecular
reactions, like the disproportionation of AQH· to AQH2 from the CSS1, is significantly
decreased. In Figure 5.6(a-b) the transient UV/Vis absorption spectra (black traces) of
the pentad are shown in neat acetonitrile and with 0.2 M chloroacetic acid. The spec-
tra were measured directly after laser pulsed excitation and time-integrated over 50 ns
(in neat acetonitrile) or 200 ns (with 0.2 M chloroacetic acid), respectively. For the
measurements in neat acetonitrile, the same spectral features at 770 nm, 570 nm, and
370 nm were observed as already shown in Chapter 4 for anisyl-xy1 (see Figure 4.13a).
In contrast, for the measurements with 0.2 M chloroacetic acid, the prominent signal at
570 nm is absent. In addition, the band at 370 nm has changed to a broader absorption
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band centered at 390 nm. In order to obtain the spectral contribution of the individual
reduced anthraquinone species, the difference-absorption spectrum of TAA+ (see Figure
5.5), shown as pale blue trace in Figure 5.6(a-b), was subtracted from the initial spec-
tra. Hereby, the TAA+-spectrum was normalized to the absorption maximum at 770 nm.
This procedure was applied because all AQ species are supposed to have neglectable ab-
sorbance in this region. The resulting spectral signature of the reduced AQ species are
shown as green traces in Figure 5.6(a-b). For neat acetonitrile, the resulting spectral
features of the reduced anthraquinone species are comprised of two signals at 400 nm and
580 nm. This finding is in line with an assignment as AQ-.[81, 87] Consequently, only the
CSS1 is detected in neat acetonitrile. The spectrum lacks the absorption signature of
AQ2- at 470 nm,[87] that would indicate formation of the CSS2. Although the transient IR
measurements confirmed its formation in pure acetonitrile, the situation in the UV/Vis
measurements is somewhat different. For instance, the significantly longer laser pulse of
10 ns in combination with the fast formation of the CSS1 and CSS2 within a few hundred
picoseconds give access to additional unproductive electron transfer pathways. As an ex-
ample, after formation of the first charge-separated state the pentad can absorb a second
photon leading to a state at 3.56 eV (see Scheme 5.2). This state can either undergo
an additional charge separation or can recombine to the CSS1 or the ground state. As
a consequence, these unproductive pathways can severely limit the probability of form-
ing a second charge-separated state. Additionally, a potentially weak signal for AQ2- in
the CSS2 might not be detectable, if overlapped by the major spectral contribution of
the CSS1. Furthermore, the lifetime of the CSS2 should be significantly shortened when
measurements are conducted under aerated conditions, making it possible that this state
decays faster than the temporal resolution of the instrument setup.
105
5 Charge Accumulation
Figure 5.6 UV/Vis transient absorption spectra (black traces) of 20 μM pentad in (a)
neat acetonitrile, and (b) with 0.2 M chloroacetic acid. From the initial spectra, the
difference-absorption spectrum of TAA+ (pale blue traces) was subtracted to obtain the
contribution of the reduced anthraquinone species (green traces). (c) Comparison of the
spectral signatures of reduced AQ from (a-b) in neat acetonitrile (red trace) and with
0.2 M chloroacetic acid (blue trace). (d-e) Temporal evolution of the transient absorption
signal at 380 nm(d) and 770 nm (e) of the pentad in neat acetonitrile (red traces) and
with 0.2 M chloroacetic acid (blue traces). The measurements were conducted under
aerated conditions. Excitation occurred with 10 ns laser pulses at 532 nm with energies
of approximately 44 mJ. The transient spectra were recorded directly after the excitation
pulse and time-integrated during 50 ns (a) and 200 ns (b), respectively.
The reduced anthraquinone species in the measurements conducted with 0.2 M chloroacetic
acid (green trace in Figure 5.6b) exhibits an intense absorption around 405 nm associ-
ated with a weak, structureless absorption beginning at 450 nm. The spectral changes,
compared to AQ-, are most likely the result of protonation of the singly reduced an-
thraquinone, compatible with the pKA values of the relevant species. Furthermore, pulse
radiolysis studies of functionalized anthraquinones report similar absorption signatures
for AQH· with a prominent band around 400 nm and broad, less intense absorption in
the red part of the visible spectrum.[107–109] In consequence, the CSS1 with the proto-
nated semiquinone form of AQ is observed immediately after excitation of the pentad in
presence of 0.2 M chloroacetic acid. The different spectral signatures of the AQ species
of the CSS1, with and without acid, are overlayed in Figure 5.6c. The decay kinetics at
380 nm and 770 nm are depicted in Figure 5.6(d,e). The decays were identical at the two
detection wavelengths for the individual measurement conditions. The decay of the CSS1
in neat acetonitrile is mono-exponential with a lifetime of 40 ns under aerated conditions.
In contrast, the signal of the CSS1 of the pentad with 0.2 M chloroacetic acid exhibits
a tri-exponential decay with lifetimes of 80 ns, 450 ns, and ≥ 100 μs. The faster decay
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components (80/450 ns) are associated with the biexponential decay of the CSS1. Why
exactly this decay is biexponential is not clear at that point. Recombination to the ground
state has to be accompanied by the liberation of the semiquinone proton. Therefore, two
competing mechanisms of proton-coupled electron transfer might be the reason for the
observed biexponential behavior. However, this suggestion remains speculative and is only
of minor interest in this study.
Figure 5.7 (a) UV/Vis transient absorption spectrum (black trace) of the pentad in ace-
tonitrile with 0.2 M chloroacetic acid recorded with a time delay of 3 μs. From the initial
spectrum, the difference-absorption spectrum of TAA+ (pale blue traces) was subtracted
to obtain the contribution of the reduced anthraquinone species (green traces). (b) Com-
parison of the anthraquinone species of the pentad in acetonitrile with additional acid
detected directly after excitation (blue trace) and with a time delay of 3 μs (red trace),
respectively. (c,d) Temporal evolution of the transient absorption signal at 380 nm (c)
and 770 nm (d). The measurements were conducted under aerated conditions and the
spectrum was time-integrated during 200 ns. Excitation occurred with 10 ns laser pulses
at 532 nm with energies of approximately 44 mJ per pulse.
A more important finding is the fact that after the signal of the CSS1 has vanish, a
long-living transient absorption signal remains in the presence of acid (τ ≥ 100 μs). The
transient absorption spectrum of this long-living signal, measured with a time delay of
3 μs after excitation, is shown in Figure 5.7a (black trace). The spectrum changed such
that the prominent absorption band around 400 nm has shifted to 380 nm and is less
intense compared to the TAA+ signal at 770 nm. Additionally, a weak bleach can be
observed around 460 nm. Applying the same procedure as described for the spectra with-
out time delay, the contribution of the reduced AQ species to the overall spectrum was
obtained (green trace in Figure 5.7a, red trace in Figure 5.7b). The spectral features
are comprised of a signal at 385 nm and a less intense absorption band between 500 nm
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Figure 5.8 (a) Difference-absorption spectra of the pentad in acetonitrile in presence of
chloroacetic acid obtained after an applied potential of -1 V vs. SCE. The deoxygenated
solution contained 0.2 mM substrate, 4 mM chloroacetic acid, and 0.1 M TBAPF6 as
supporting electrolyte. The spectra were recorded at the beginning of the measurement
(green trace) and approximately 20 minutes later (pale blue trace). The red traces in
(a) and (b) represent the reduced anthraquinone species of the CSS2 extracted from
Figure 5.7. (b) Comparison of the AQ species of the CSS2 with a combined difference-
absorption spectrum (blue trace), representing a mixture of AQH2/0.5 AQH
- (see text).
and 700 nm. The comparison of the two reduced anthraquinone species, obtained from
the different time intervals, is shown in Figure 5.7b. It is directly observable that the
species are not identical. The spectrum of AQH· shows an absorption band at 405 nm
with a structureless weak absorption beginning at 450 nm (blue trace in Figure 5.7b).
In contrast, the spectrum for the species detected with a time delay of 3 μs (red trace
in Figure 5.7b) exhibits an absorption band that is shifted to 385 nm, associated with a
broad absorption band between 500 nm and 700 nm. This spectrum can not be assigned
to any singly reduced anthraquinone species (AQ-, AQH·, or hydrogen bonded AQ-, as
shown in Chapter 4). Consequently, twofold reduced anthraquinone is the most plausi-
ble explanation. According to Scheme 5.3, the CSS2 in presence of chloroacetic acid is
expected to involve AQH2 as the final photoproduct. In order to test this assignment,
spectro-electrochemical measurements of the pentad in presence of acid were conducted.
The reduction of anthraquinone under acidic conditions has been reported to be an ir-
reversible two-electron process at -0.82 V vs. SCE, associated with the uptake of two
protons, yielding AQH2.
[87] The difference-absorption spectrum of a deoxygenated ace-
tonitrile solution containing 0.2 mM pentad, 4 mM chloroacetic acid, and 0.1 M TBAPF6
after applying a potential of -1 V vs. SCE is shown in Figure 5.8a. The green trace
is the difference-spectrum recorded at the beginning of the measurement, with a broad
signal between 380 nm and 500 nm and a maximum at 400 nm. This signature can be
attributed to AQH2. The pale blue trace represents the spectrum recorded approximately
20 minutes later. It exhibits an intense absorption band at 380 nm with an additional
broad absorption beginning at 470 nm. Furthermore, a significant bleach in the MLCT
region was detected.
These changes in the difference spectrum with respect to the duration of the electrochemi-
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cal reduction, are due to the fact of protons being reduced (see equation 5.4). This results
in the observation, that after a certain period of time the initially formed AQH2 (green
trace in Figure 5.8a) is converted to AQH- (pale blue trace in Figure 5.8a).
AQH2 ⇋ AQH
- + H+
e−−→ AQH- + 1
2
H2 (5.4)
When comparing the observed AQ species for the CSS2 from the transient UV/Vis ab-
sorption measurements (red traces in Figure 5.8) with the spectral signatures for AQH2
and AQH- in the pentad, no clear analogy can be observed at first glance. However, the
spectrum of the reduced AQ species of the CSS2 extracted from Figure 5.7a exhibits sim-
ilarities to both difference-absorption spectra in Figure 5.8a, pointing towards a mixture
of AQH2 and AQH
- in the charge-accumulated state. Indeed, a simple linear combina-
tion of the spectral signatures for AQH2 (1 equivalent) and AQH
- (0.5 equivalent) shows
a remarkable analogy to the AQ species of the CSS2 (see Figure 5.8b). The conclusion
that probably both species, AQH2 and AQH
-, are observed for the second charge-separated
state is somewhat surprising. Considering the pKA values of the relevant species (although
only available for p-benzoquinone as an analogue, see above) this observation of a mixed
state can not be explained satisfactorily. In general, semiquinones are much more acidic
than the twofold reduced species of quinones. As a consequence, when observing AQH· for
the CSS1 in presence of chloroacetic acid, the twofold protonated AQH2 should exclusively
be formed for the second charge-separated state (see Scheme 5.3). Even when measuring
the transient absorption spectrum with a time delay of several hundred microseconds, no
changes in the absorption features were observed. As a result, the presence of AQH- in the
CSS2 after a time delay of only 3 μs is not originating from a potentially slow protonation
step. Although the reason for the presence of two different protonation states in CSS2,
as indicated in Figure 5.8, is unknown, the main objective of charge-accumulation in a
purely molecular system, without sacrificial agents, was achieved. Furthermore, as shown
in Figure 5.7c, only a lower limit of the lifetime (τ ≥ 100 μs) of the transient absorption
signal for the second charge-separated was determined. In general, thermal charge re-
combination to the ground state is supposed to be a very complex process for the CSS2.
Not only two electrons need to be transferred to the corresponding oxidized donor, but
bimolecular proton transfer, to the conjugate base of chloroacetic acid, has to take place.
Consequently, when considering AQH2 as the main photoproduct, four reaction steps need
to occur. Furthermore, taking into account the considerations of bimolecular reactions
for long-living charge-separated states made in Chapter 4, one might easily think of a
situation where oxidized TAA+ and reduced anthraquinone are no longer located on the
same molecule. This careful consideration demonstrates that a proper determination of a
rate constant for the intramolecular charge recombination is very tricky in this case.
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Figure 5.9 (a) Transient UV/Vis absorption spectra of 20 μM solutions of pentad in
acetonitrile containing 0.2 M chloroacetic acid. Excitation occurred with 10 ns laser pulser
at 532 nm, and the spectra were time-integrated during 200 ns. The pulse energies were:
3.5 mJ (black trace), 12.5 mJ (blue trace), 22 mJ (green trace), 35 mJ (orange trace),
55 mJ (red trace). (b) The ratio of the intensity of the signals at 770 nm and 380 nm
(I770/I380) as a function of the excitation energy. The absorption maxima at 770 nm were
determined by a Gaussian fit because of the spike in absorbance at that wavelength.
Another issue that needs to be discussed is the possibility that AQH2 is formed as a
result of bimolecular disproportionation (2 AQH·  AQH2 +AQ) of the semiquinone
form of the CSS1. In order to validate the assumption that charge accumulation in the
transient UV/Vis experiments is a photoinduced process, transient spectra were recorded
directly after pulsed excitation as a function of Laser excitation intensity. During the
time integration over 200 ns possible bimolecular reactions of two pentads in the CSS1
are supposed to be negligible. Therefore, changes in the transient absorption spectra
during this time interval are expected to stem from intramolecular processes. The spectra
are shown in Figure 5.9a. They all exhibit the typical absorption features described above
for the pentad with 0.2 M chloroacetic acid. However, when comparing the spectra of the
pentad detected in presence of acid with and without time delay (Figure 5.6b and 5.7a),
the spectral features of the CSS1 exhibit a less intense absorption of the TAA+ signal
770 nm with respect to the signal at 400 nm. For the CSS2 the opposite situation is the
case, due to two oxidized amines being present. Having in mind the expected quadratic
power-dependency of two-photon processes, the charge-accumulated state should become
more prominent at a high excitation energy, i.e. at a higher photon flux. As a result, the
energy-dependent spectra shown in Figure 5.9a detected directly after excitation should
reveal an increasing contribution of the second charge-separated state. This increasing
contribution is expected to manifest in an increasing intensity of the TAA+ signal at
770 nm relative to the signal at around 400 nm as a result of the different spectral
signatures of the CSS1 and the CSS2. The plot of the ratio of the signal-intensity at
770 nm and 380 nm (I770/I380) as a function of excitation energy is shown in Figure 5.9b.
It shows that with increasing amount of excitation energy the relative amount of TAA+
signal (at 770 nm) increases. This indicates that increasing proportions of the CSS2 state
indeed are formed at higher excitation powers. These increased proportions of the CSS2
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are very likely a result of intramolecular charge-separation after absorption of a second
photon rather than bimolecular reactions of the CSS1.
5.5. Summary
The aim of this study was the investigation of a purely molecular donor-acceptor-donor
assembly with regard to its ability to undergo photoinduced charge accumulation. A cen-
tral design principle for the pentad was its capability of performing charge accumulation
without sacrificial agents. By coupling charge-accumulation to proton transfer reactions,
the storage of two redox equivalents on the anthraquinone was expected to be facilitated.
From transient IR measurements in neat acetonitrile, the formation of twofold reduced
anthraquinone was confirmed, despite the fact that the final electron transfer step is as-
sociated with a weak driving force. A potential drawback in regard to experiment was
the high photon flux of approximately 2200 photons per molecule that was applied in
order to obtain an adequate signal-to-noise ratio. In the transient UV/Vis absorption
measurements with chloroacetic acid, AQH· is formed in the first charge-separated state
(CSS1). After this CSS1 has vanished with a biexponential decay exhibiting lifetimes of
80 ns and 450 ns in aerated solution, a persisting transient absorption signal was observed.
The spectral signature of this signal was attributed to the second charge-separated state
(CSS2). However, the absorption features of the contribution of the anthraquinone species
to the overall spectrum can not be clearly attributed to either AQH- or AQH2. In fact,
a mixture of both species being present in the CSS2 was found to be very likely, based
on the comparison with spectro-electrochemical measurements. The observation of both
AQH2 and AQH
- in the charge-accumulated state is surprising, because thermodynamic
considerations point towards AQH2 as the final photoproduct. The lifetime of this second
charge-separated state was determined to longer than 100 μs. Charge recombination is
a complex reaction, requiring two electron transfers and at least one bimolecular proton
transfer to occur. This account for the very long lifetime of the CSS2. Additionally, bi-
molecular self-exchange reactions are supposed to occur quite easily on these timescales,
as discussed in detail in Chapter 4 for other systems. This leads to a situation in which
the reduced anthraquinone and the oxidized amine are not necessarily located on the same
pentad. In principle, this very long-lived charge-separated state, formed without the need
of sacrificial agents, is potentially useful for artificial photosynthesis and the formation of
solar fuels. Especially when taking into account that anthraquinone is the active catalyst
for the industrial production of hydrogen peroxide.
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6. Summary and conclusion
The studies presented in this thesis are relevant in the context of artificial photosynthesis.
An ideal molecular system would be capable to use light energy to drive efficient splitting
of water and subsequently uses the liberated protons and electrons for the formation
of hydrogen. The aim of this thesis was the investigation of fundamental aspects of
electron transfer reactions initiated by light. This thesis focused on three major topics:
(i) mechanistic studies of electron transfer reactions that are coupled to proton transfer,
(ii) kinetic investigations of electron transfer reactions over large distances, and (iii) the
achievement of charge accumulation in a molecular system without the need of sacrificial
agents.
Figure 6.1 Ruthenium(II)-phenol dyads which were investigated with regard to their
PCET chemistry as a function of the electron donor-acceptor distance.
In analogy to the +P680-TyrZ-His190 reaction triple in the photosystem II, two series
of dyads were synthesized and investigated with respect to their proton-coupled electron
transfer (PCET) chemistry. The reaction mechanisms were studied as a function of spatial
separation between electron donor and acceptor. The respective dyads were comprised
of either a ruthenium(II) or rhenium(I) photosensitizer which is covalently attached to a
phenol, acting as combined electron and proton donor. The donor-acceptor distance was
adjusted by introducing varying numbers (n = 0 - 3) of p-xylene spacer molecules. Fig-
ure 6.1 exemplary shows the ruthenium(II)-phenol dyads. Interestingly, for the shortest
dyads, with the phenol being directly attached to the photosensitizer, photoacid behavior
was observed rather than proton-coupled electron transfer (J. Am. Chem. Soc. 2012,
134, 12844; J. Phys. Chem A 2013, 117, 5726). In contrast, with increased spatial sepa-
ration (n ≥ 1) PCET was found to be operative. Proton-coupled electron transfer in the
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ruthenium(II) dyads was assigned to be a CPET, whereas it is a stepwise ET-PT mech-
anism for the rhenium(I) dyads. This observation demonstrates that for short distances
(and therefore a strong electronic interaction between donor and acceptor) photoacid
behavior needs to be considered as an alternative reaction pathway to PCET. Besides
this mechanistic change-over at short distances, the first distance-decay constants (β) for
bidirectional concerted proton-coupled electron transfer (CPET) were determined. These
β-values were found to be 0.67 ± 0.23 A˚-1 and 0.87 ± 0.09 A˚-1 for CPET originating from
the excited and oxidized photosensitizer, respectively (Chem. Eur. J. 2014, 20, 4098; J.
Phys. Chem. B 2014, 119, 2263). Similar values of β along p-xylene bridges have al-
ready been reported for pure electron transfer.[59, 60] This observation points towards the
conclusion that the overall electronic coupling matrix element for these CPET reactions
is dominated by the distance-dependence of the electron transfer step. Consequently, long
electron transfer distances do not hamper a concerted transfer of a proton into different
directions, as might have been expected due the electrostatic attraction between these
particles.
Mechanistic investigations of the PCET chemistry of thiophenols have been performed.
Thiols and thiyl radicals are known to play an important role in many biochemical pro-
cesses. However, detailed mechanistic studies concerning the PCET reactivity of thiophe-
nols are comparably scarce.[67, 68] For that reason, the photoinduced oxidation of thiophe-
nols with varying substituents was investigated in bimolecular reactions with photoexcited
Ru(bpz)3
2+ (bpz = 2,2’-bipyrazine). Ru(bpz)3
2+ acted as a combined electron and proton
acceptor. Dependent on the substituents of the thiophenols, all three possible mechanisms
for PCET were observed (J. Phys. Chem. Lett. 2013, 4, 2535). This demonstrates that
the whole mechanistic diversity, intensively studied on phenols, is also applicable for the
PCET chemistry of thiophenols.
In a second project, the kinetics of thermal charge recombination were investigated in
three sets of linear triads. These triads were comprised of a ruthenium(II) photosensitizer,
a triarylamine (TAA) electron donor, and anthraquinone (AQ) as an electron acceptor
as shown in Figure 6.2. The spatial separation between the donor and acceptor was
adjusted by the introduction of 1 - 3 p-xylene spacer molecules on each side. This results
in electron transfer distances for charge recombination ranging from 22.0 A˚ to 39.2 A˚.
Additionally, the substituents on the triarylamine donor were varied for driving force-
dependent investigations.
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Figure 6.2 Linear triads investigated with regard to their thermal charge recombination
kinetics as a function of the donor-acceptor distance.
The kinetics for the thermal charge recombination as a function of spatial separation
between donor and acceptor revealed a maximum in rate constants for large distances.
Such counter-intuitive behavior was first postulated by Sutin and coworkers in the 1980s,
in accordance with the Marcus theory.[72] They calculated the rate constants for a highly
exergonic system (which is operative in the Marcus inverted region) as a function of
donor-acceptor distance. As a result, they were able to demonstrate by theory that
such a system should exhibit increasing rate constants until a certain critical distance
at which the rate maximizes. A further increase of the donor-acceptor distance should
then lead to an exponential decrease in rate constants, as regularly observed for electron
transfer (ET) reactions in the Marcus normal region. Sutin and coworkers attributed
this behavior to an opposing interplay between an increasing outer-sphere reorganization
energy and a decreasing electronic coupling by increasing the donor-acceptor distance. To
the best of our knowledge the study presented in this thesis provides the first unambiguous
experimental evidence for this unusual behavior of electron transfer rates. In the shortest
triads, the lifetimes of the charge-separated states were on the order of a few microseconds.
In contrast, the systems of intermediate length exhibited lifetimes of only several hundred
nanoseconds. Thus, the factor of ET rate acceleration ranges from 6 to 10. A further
increase of spatial separation between TAA and AQ yielded lifetimes between 41 μs and
75 μs. In addition to the rate constants, the activation barriers and reorganization energies
for all triads were determined. These studies lead to the conclusion that the shortest triads
undergo thermal back electron transfer in the Marcus inverted region. In contrast, the
intermediate triads recombine in an activationless manner, whereas the longest systems
operate in the normal region. This change-over can be clearly attributed to a significant
increase in the outer-sphere reorganization energy with increasing distance. These results
are not only of academic interest. In fact, this observation is of vital importance for
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bimolecular photoinduced electron transfer reactions. The charge separation process of
such systems is usually associated with small reaction free energies, i.e. electron transfer
occurs in the normal region. On the other hand, (undesired) thermal charge recombination
processes often take place in the inverted region. For the forward reaction the donor and
acceptor need to be in close contact to each other for an efficient electron transfer process
to occur. However, after formation of the charge-separated state the photoproducts must
diffuse away from each other. When doing so, the reaction couple passes a region where
the undesired back electron transfer is activationless and therefore can become faster than
at close contact. This can seriously limit the quantum efficiency of the conversion of light
into chemical energy. In this context, long-living charge-separated states are pivotal for
efficient charge accumulation and catalytic turnovers. Therefore, the spatial separation
between donor and acceptor needs to be thoroughly adjusted, particularly in molecular
systems designed for artificial photosynthesis.
Another important observation from these kinetic measurements concerns the importance
of considering the reorganization energy for driving force-dependent measurements. The
three shortest triads, bearing different substituents on the triarylamine donors, are un-
dergoing charge recombination in the inverted region. However, the expected effect of
slower rate constants with increasing driving force was not observed. In fact, the opposite
holds true, i.e. an increase of the rate constants at higher driving forces. A mean-
ingful correlation with the expected behavior was found when the ratio of -ΔG/ λ was
considered. This observation, although not new, underscores the significance of the reor-
ganization energy when performing driving-force dependency studies. In particular, for
driving force-dependent measurements conducted by merely altering the solvent polarity,
changes of the reorganization can not be neglected.
Figure 6.3 Molecular pentad studied with respect to its ability to perform photoinduced
charge accumulation on the central anthraquinone.
The aim of the third project of this thesis was the synthesis of a purely molecular bi-
nuclear donor-acceptor-donor assembly as shown in Figure 6.3. This compound based on
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the triads which are mentioned above and was extended to a molecular pentad. A central
anthraquinone acting as a potential two-electron and two-proton acceptor was employed.
Two end-on triarylamines were introduced as one-electron donors in combination with two
ruthenium(II) photosensitizers. This pentad was investigated with regard to its capabil-
ity of photoinduced charge-accumulation. An important design principle for the pentad
was its ability to perform charge accumulation without sacrificial electron donors. By
coupling the photoinduced charge-accumulation process to proton transfer reactions, the
storage of two redox equivalents on an anthraquinone unit was expected to be facilitated.
Using transient IR spectroscopy the formation of twofold reduced anthraquinone in neat
acetonitrile was confirmed upon excitation with visible light. A lifetime of at least 60 ns
was extracted for the second charge-separated state from these measurements in absence
of acid. A potential drawback, with regard to this observation, is the high photon flux
of approximately 2200 photons per molecule that was applied in order to obtain an ad-
equate signal-to-noise ratio. Additionally, the last electron transfer step to form AQ2-
exhibits only weak driving forces in neat acetonitrile. In transient UV/Vis absorption
experiments performed in presence of chloroacetic acid, the first charge-separated state
(CSS1) is associated with the formation of AQH·. Once this CSS1 has decayed after a few
hundred nanoseconds, a persisting transient absorption signal was detected. The spectral
signature of this signal is compatible with the second charge-separated state (CSS2). The
absorption features of the contribution of the reduced anthraquinone species to the overall
spectrum of the CSS2 was attributed to a mixture of AQH2 and AQH
-. This observation
is somewhat surprising, since thermodynamic considerations clearly point towards AQH2
as the final most stable photoproduct. Interestingly, the transient absorption signal for
the charge-accumulated state exhibits a lifetime of at least 100 μs.
The pentad presented here fulfills the requirements for potential applications in the field
of artificial photosynthesis. Upon excitation with visible light, formation of a long-lived
charge-accumulated state was achieved without the use of sacrificial agents. Long-lived
charge-separated states, generated without high-energy sacrificial agents, are potentially
useful for artificial photosynthesis and the formation of solar fuels. In this context, the
observed photoproducts in this study, AQH2 and AQH
-, are equal to a formal storage of a
hydride or hydrogen, respectively. Taking into account that anthrahydroquinone is used
in industrial processes for the production of hydrogen peroxide, the results of this study
might become even more relevant.
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7. Experimental section
7.1. Analytical methods
The analytical methods given below were employed for the studies described in Chapter 4
and Chapter 5. The methods applied for the studies from Chapter 3 are described sepa-
rately in each publication.
general methods
All commercially available chemicals used for synthesis were purchased from common
suppliers (Sigma-Aldrich, ABCR, Fluorochem, Acros, Alfa Aesar) and were used without
further purification. Dry diethyl ether, THF and dichloromethane were obtained from a
solvent purification system of Innovative Technology. Dry toluene was purchased from
Sigma-Aldrich (crown cap, over molecular sieve). Acetonitrile for spectroscopic measure-
ments was bought from Sigma-Aldrich (anhydrous, crown cap) or from Macron (HPLC
grade). Deuterated solvents for NMR spectroscopy were purchased from Cambridge Iso-
tope Laboratories. Thin layer chromatography was performed on silica plates from Merck
(60 F254). Column chromatography was performed on silica gel (40-63 μm, silicycle) or
on C18-reversed phase silica gel (90 A˚ pore size, Sigma-Aldrich). All quoted temperatures
in the synthetic protocols are oil bath temperatures.
NMR spectroscopy
1H NMR spectra were recorded on a 400 MHz Bruker Avance III instrument. All chem-
ical shifts (δ) are given in ppm and were referenced to the proton residue signal of the
deuterated solvents. Coupling constants are listed in Hz and the multiplicity is stated as
follows: singlet (s), broad singlet (sbr), doublet (d), doublet of doublet (dd), doublet of
doublet of doublet (ddd), triplet (t), doublet of triplet (dt), triplet of doublet (td), quartet
(q), multiplet (m).
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Mass spectrometry
ESI mass spectra were measured on a Bruker Esquire 3000plus Ion-trap ESI-MS. High
resolution mass spectra were recorded on a Bruker maXis 4G QTOF ESI spectrometer.
Elemental analysis
Elemental analyses were performed by Ms. Sylvie Mittelheisser (Department of Chemistry
at the University of Basel) with a Vario Micro Cube from Elementar.
UV-Vis spectroscopy
All UV-Vis spectra were recorded on a Cary 5000 UV-Vis-NIR spectrophotometer.
Cyclic voltammetry
Cyclic voltammograms and chronoamperometric experiments for spectro-electrochemical
measurements were performed with a VersaStat3-200 potentiostat from Princeton Applied
Research. Measurements were performed in dry, deoxygenated acetonitrile or acetoni-
trile/water mixtures with either tetrabutylammonium hexafluorophosphate (TBAPF6) or
KCl as supporting electrolyte. The setup for cyclic voltammetry was comprised of a glassy
carbon disc serving as working electrode, a silver wire as counter electrode and an SCE ref-
erence electrode. For spectro-electrochemical experiments a quartz cuvette equipped with
a platinum grid as working electrode, a platinum counter electrode and a SCE reference
electrode was used.
Transient UV/Vis absorption spectroscopy
Transient absorption measurements were performed with a LP920-KS spectrometer from
Edinburgh Instruments, equipped with an R928 photomultiplier or an NIR 301/2 (In-
GaAs) detector (900-1700 nm, 100 ns response time) or an iCCD camera from Andor. A
frequency-doubled Quantel Brilliant b laser was used as excitation source. The duration
of the laser excitation pulse was approximately 10 ns. Quartz cuvettes from Starna were
used for all optical measurement. For deoxygenated measurements, Schlenk-cuvettes were
used, and the solutions were subjected to four freeze-pump-thaw cycles.
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Transient IR spectroscopy
The system for UV-pump-IR-probe spectroscopy consisted of two synchronized commer-
cially available Ti:sapphire-oscillator/regenerative amplifier femtosecond laser systems op-
erating at 843 nm and 800 nm (Spectra Physics; duration ∼100 fs; repetition rate 1 kHz;
energy ∼600 µJ/pulse). The setup allows to cover a time range from 2 ps to 42 µs. Laser
system 1 was frequency-doubled with a barium borate (BBO) crystal. The obtained 420
nm pulses were subsequently focused into the sample cell (50 µm thick) with a spot size of
∼200 µm diameter. Laser system 2 pumped a white-light-seeded two-stage BBO optical
parametric amplifier (OPA), the signal and idler pulses of which were difference-frequency
mixed in a AgGaS2 crystal. They were separated into two parts to achieve broad-band
probe and reference pulses. These IR-probe pulses were focused into the sample cell in
spatial overlap with the 420 nm pump pulse. The reference and probe pulses were dis-
persed in a monochromator (SPEX Triax Series) and imaged onto a 2 Ö 64 pixel MCT
(Mercury Cadmium Telluride) detector array (InfraRed Associates Inc.), revealing a spec-
tral resolution of 3.5 cm-1. To ensure efficient exchange of the excited volume, the sample
was pumped rapidly by a tubing pump (Ismatec BVP equipped with EasyLoad II pump-
head, flow ∼5.0 mL/min). The concentration of the samples in CD3CN is 1 mM, and the
solution was purged with argon continuously.
This paragraph was kindly provided by Margherita Orazietti (group of Prof. Dr. Peter
Hamm, University of Zurich).
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7.2. Synthesis of anisyl-xyn, veratryl-xyn and tolyl-xyn
The triad anisyl-xy1 was available in our lab from previous studies.
[81] The synthetic route
to obtain the ligands 32-39 for the other triads is shown in Schemes 7.1, 7.2 and 7.3.
Scheme 7.1 Reaction scheme for the synthesis of the donor-acceptor ligands 32 and
33 for anisyl-xy2 and anisyl-xy3. (a) Pd(dba)2, (HP
tBu3)BF4, KO
tBu in toluene; (b)
ICl in CH2Cl2; (c) (Bpin)2, KOAc, Pd(PPh3)2Cl2 in DMSO; (d) Pd(PPh3)4, Na2CO3 in
THF/water; (e) Br2, NaOAc in THF.
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Scheme 7.2 Reaction scheme for the synthesis of the donor-acceptor ligands 34-38 for
veratryl-xy1-3 and tolyl-xy1-2. (a) Pd(PPh3)4, Na2CO3 in THF/water; (b) Pd(dba)2,
KOtBu, (HPtBu3)BF4 in toluene; (c) (Bpin)2, Pd(dba)2, PCy3, KOAc in 1,4-dioxane;
(d) ICl in CH2Cl2; (e) (Bpin)2, KOAc, Pd(PPh3)2Cl2 in DMSO.
Scheme 7.3 Reaction scheme for the synthesis of the donor-acceptor ligand 39 for tolyl-
xy3. (a) n-BuLi, CuCN, duroquinone in THF at -78°C; (b) n-BuLi, TMSCl in THF at
-78°C; (c) Pd(PPh3)4, Na2CO3 in THF/water; (d) ICl in CH2Cl2; (e) (Bpin)2, KOAc,
Pd(PPh3)2Cl2 in DMSO.
Synthetic protocols
1: Bis(p-anisyl)amine (1.15 g, 5.00 mmol), 2-bromo-5-trimethylsilyl-p-xylene[110] (1.41 g,
5.50 mmol), Pd(dba)2 (144 mg, 0.25 mmol), HP
tBu3BF4 (73 mg, 0.25 mmol) and KO
tBu
(1.68 g, 15.0 mmol) in dry toluene (25 mL) were degassed prior to stirring at 90 °C over
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night. Water (100 mL) was added and the mixture was extracted with dichloromethane.
The combined organic layers were dried over Na2SO4, filtered and the solvent was re-
moved in vacuo. The crude product was purified by column chromatography on silica
using pentane/diethyl ether 5:1 (v:v) as an eluent to yield 1 as a white solid (1.67 g, 4.12
mmol, 82%). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.22 (s, 1 H), 6.88 – 6.84 (m, 4
H), 6.80 (s, 1 H), 6.78 – 6.74 (m, 4 H), 3.77 (s, 6 H), 2.31 (s, 3 H), 1.95 (s, 3 H), 0.32 (s, 9 H).
2: A solution of 1 (1.67 g, 4.12 mmol) in dry dichloromethane (30 mL) was cooled to
-78 °C prior to addition of a solution of iodine monochloride (1.34 g, 8.24 mmol) in dry
dichloromethane (10 mL). The resulting mixture was stirred for 10 minutes and a satu-
rated aqueous solution of Na2S2O3 was added. The layers were separated and the aqueous
layer was extracted with dichloromethane. The combined organic layers were dried over
Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was purified
by column chromatography on silica using pentane/diethyl ether 5:1 (v:v) as an eluent to
yield 2 as a white solid (1.87 g, 4.07 mmol, 99%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm)
= 7.64 (s, 1 H), 6.90 (s, 1 H), 6.85 – 6.79 (m, 4 H), 6.78 – 6.73 (m, 4 H), 3.75 (s, 6 H),
2.28 (s, 3 H), 1.91 (s, 3 H).
3: A mixture of 2 (1.87 g, 4.07 mmol), bis(pinacol)diboron (1.55 g, 6.11 mmol), KOAc
(1.60 g, 16.3 mmol) and Pd(PPh3)2Cl2 (143 mg, 0.2 mmol) in DMSO (20 mL) was de-
gassed and stirred at 90 °C over night. After cooling to room temperature, the reaction
mixture was treated with water (60 mL) and saturated aqueous NH4Cl-solution (20 mL),
and the aqueous phase was extracted with diethyl ether. The combined organic layers
were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude prod-
uct was purified by column chromatography on silica using pentane/diethyl ether 9:1 (v:v)
as an eluent to yield 3 as a white solid (1.72 g, 3.74 mmol, 92%). 1H-NMR (400 MHz,
CD2Cl2): δ (ppm) = 7.54 (s, 1 H), 6.84 -6.79 (m, 4 H), 6.79 (s, 1 H), 6.77 -6.73 (m, 4 H),
3.75 (s, 6 H), 2.37 (s, 3 H), 1.92 (s, 3 H), 1.32 (s, 12 H).
4: 4-Chloro-2,5-dimethylaniline (1.56 g, 10.0 mmol), 4-bromo-veratryl (4.77 g, 22.0 mmol),
Pd(dba)2 (288 mg, 0.50 mmol), HP
tBu3BF4 (145 mg, 0.50 mmol) and KO
tBu (3.37 g, 30.0
mmol) in dry toluene (30 mL) were degassed prior to stirring at 90 °C over night. Water
(150 mL) was added and the mixture was extracted with dichloromethane. The com-
bined organic layers were dried over Na2SO4, filtered, and the solvent was removed in
vacuo. The crude product was purified by column chromatography on silica using pen-
tane/diethyl ether 1:1 (v:v) as an eluent to yield 4 as a beige solid (2.84 g, 6.64 mmol,
66%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 7.24 (s, 1 H), 6.99 (s, 1 H), 6.82 (d,
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J = 8.6 Hz, 2 H), 6.61 (d, J = 2.5 Hz, 2 H), 6.34 (dd, J = 8.6, 2.5 Hz, 2 H), 3.76 (s, 6
H), 3.65 (s, 6 H), 2.24 (s, 3 H), 1.98 (s, 3 H).
5: A mixture of 4 (856 mg, 2.00 mmol), bis(pinacol)diboron (609 mg, 2.40 mmol), KOAc
(393 mg, 4.00 mmol), Pcy3 (67 mg, 0.24 mmol) and Pd(dba)2 (58 mg, 0.10 mmol) in
1,4-dioxane (15 mL) was degassed and stirred at 80 °C for 24 h. After cooling to room
temperature the reaction mixture was treated with water (60 mL) and saturated aqueous
NH4Cl-solution (20 mL), and the aqueous phase was extracted with dichloromethane. The
combined organic layers were dried over Na2SO4, filtered, and the solvent was removed in
vacuo. The crude product was purified by column chromatography on silica using pen-
tane/diethyl ether 1:1 (v:v) as an eluent to yield a white solid (1.00 g). NMR-analysis
confirmed that the obtained product consisted of a 3:1 mixture of 5 (≈800 mg, 1.50 mmol,
75%) and de-chlorinated starting material. A purification from the side product failed,
and therefore the mixture was used for further coupling reactions. 1H-NMR (9, 400 MHz,
acetone-d6): δ (ppm) = 7.56 (s, 1 H), 6.83 – 6.80 (m, 3 H), 6.61 (d, J = 2.6 Hz, 2 H),
6.35 (dd, J = 8.6, 2.6 Hz, 2 H), 3.76 (s, 6 H), 3.65 (s, 6 H), 2.38 (s, 3 H), 1.95 (s, 3 H),
1.34 (s, 12 H).
6: A mixture of 4-methylaniline (1.07 g, 10.0 mmol), 4-bromo-toluene (1.88 g, 11.0 mmol),
Pd(dba)2 (288 mg, 0.50 mmol), HP
tBu3BF4 (145 mg, 0.50 mmol) and KO
tBu (3.37 g, 30.0
mmol) in dry toluene (30 mL) was degassed prior to stirring at 90 °C over night. Water
(100 mL) was added and the mixture was acidified with delute HCl followed by extraction
with dichloromethane. The combined organic layers were dried over Na2SO4, filtered, and
the solvent was removed in vacuo. The crude product was purified by column chromatog-
raphy on silica using pentane/diethyl ether 5:1 (v:v) as an eluent to yield 6 as a beige
solid (1.64 g, 8.33 mmol, 83%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 7.08 – 7.03 (m,
4 H), 6.95 – 6.91 (m, 4 H), 5.60 (sbr, 1 H), 2.27 (s, 6 H).
7: A mixture of 6 (1.64 g, 8.33 mmol), 2-bromo-5-trimethylsilyl-p-xylene[110] (2.36 g, 9.16
mmol), Pd(dba)2 (239 mg, 4.16·10
-4 mol), HPtBu3BF4 (121 mg, 4.16·10
-4 mol) and KOtBu
(2.80 g, 25.0 mmol) in dry toluene (30 mL) were degassed prior to stirring at 90 °C over
night. Water (100 mL) was added and the mixture was extracted with dichloromethane.
The combined organic layers were dried over Na2SO4, filtered, and the solvent was re-
moved in vacuo. The crude product was purified by column chromatography on silica
using pentane/diethyl ether 10:1 (v:v) as an eluent to yield 7 as a white solid (2.34 g, 6.28
mmol, 75%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 7.32 (s, 1 H), 7.06 – 7.01 (m, 4
H), 6.84 (s, 1 H), 6.80 – 6.76 (m, 4 H), 2.34 (s, 3 H), 2.25 (s, 6 H), 1.95 (s, 3 H), 0.32 (s, 9 H).
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8: A solution of 7 (2.34 g, 6.28 mmol) in dry dichloromethane (30 mL) was cooled to
-78 °C prior to addition of a solution of iodine monochloride (2.04 g, 12.6 mmol) in dry
dichloromethane (10 mL). The resulting mixture was stirred for 10 minutes and a satu-
rated aqueous solution of Na2S2O3 was added. The layers were separated and the aqueous
layer was extracted with dichloromethane. The combined organic layers were dried over
Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was purified
by column chromatography on silica using pentane/diethyl ether 5:1 (v:v) as an eluent
to yield 8 as a white solid (2.54 g, 5.94 mmol, 95%). 1H-NMR (400 MHz, acetone-d6): δ
(ppm) = 7.72 (s, 1 H), 7.07 – 7.02 (m, 4 H), 6.99 (s, 1 H), 6.81 – 6.77 (m, 4 H), 2.30 (s,
3 H), 2.25 (s, 6 H), 1.93 (s, 3 H).
9: A mixture of 8 (2.56 g, 6.00 mmol), bis(pinacol)diboron (2.28 g, 9.00 mmol), KOAc
(2.36 g, 24.0 mmol) and Pd(PPh3)2Cl2 (211 mg, 0.30 mmol) in DMSO (30 mL) was de-
gassed and stirred at 90 °C over night. After cooling to room temperature the reaction
mixture was treated with water (100 mL) and saturated aqueous NH4Cl-solution (20 mL),
and the aqueous phase was extracted with dichloromethane. The combined organic layers
were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude prod-
uct was purified by column chromatography on silica using pentane/diethyl ether 10:1
(v:v) as an eluent to yield 9 as a white solid (1.84 g, 4.30 mmol, 72%). 1H-NMR (400
MHz, acetone-d6): δ (ppm) = 7.59 (s, 1 H), 7.06 – 7.02 (m, 4 H), 6.83 (s, 1 H), 6.81 –
6.77 (m, 4 H), 2.39 (s, 3 H), 2.26 (s, 6 H), 1.93 (s, 3 H), 1.35 (s, 12 H).
11: A biphasic mixture of 5,5’-dibromo-2,2’-bipyridine[111] (10, 1.90 g, 6.05 mmol), 2,5-
dimethyl-4-trimethylsilyl-1-phenylboronic acid[110] (3.22 g, 14.5 mmol), Na2CO3 (3.85 g,
36.3 mmol) and Pd(PPh3)4 (699 mg, 0.61 mmol) in THF (40 mL) and water (15 ml) was
degassed prior to heating to reflux over night. After cooling to room temperature, the
reaction mixture was extracted with dichloromethane. The combined organic layers were
dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product
was dissolved in a minimum amount of dichloromethane and poured into pentane. The
precipitate was filtered and dried, yielding 11 as an off-white solid (2.33 g, 4.58 mmol,
76%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.65 (dd, J = 2.3, 0.9 Hz, 2 H), 8.52 (d,
J = 8.1 Hz, 2 H), 7.82 (dd, J = 8.1, 2.3 Hz, 2 H), 7.40 (s, 2 H), 7.11 (s, 2 H), 2.48 (s, 6
H), 2.31 (s, 6 H), 0.37 (s, 18 H).
12: To a suspension of 11 (2.42 g, 4.63 mmol) and NaOAc (760 mg, 9.26 mmol) in dry
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THF (50 mL) was added bromine (0.95 mL, 18.5 mmol). The reaction mixture was stirred
for 4 h at room temperature under exclusion of light. Subsequently, triethylamine (5.13
mL, 37.0 mmol) and a saturated aqueous solution of Na2S2O3 were added. The mix-
ture was extracted with dichloromethane. The combined organic layers were dried over
Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was dissolved
in a minimum amount of dichloromethane and poured into pentane. The precipitate was
filtered and dried, yielding 12 as a beige solid (2.42 g, 4.63 mmol, ∼100%). 1H-NMR (400
MHz,CD2Cl2): δ (ppm) = 8.63 (dd, J = 2.3, 0.9 Hz, 2 H), 8.52 (dd, J = 8.2, 0.9 Hz,
2 H), 7.80 (dd, J = 8.2, 2.3 Hz, 2 H), 7.52 (s, 2 H), 7.18 (s, 2 H), 2.42 (s, 6 H), 2.28 (s, 6 H).
13: A biphasic mixture of 12 (1.57 g, 3.00 mmol), 2,5-dimethyl-4-trimethylsilyl-phenyl-
boronic acid[110] (1.60 g, 7.20 mmol), Na2CO3 (1.90 g, 18.0 mmol) and Pd(PPh3)4 (347
mg, 0.30 mmol) in THF (40 mL) and water (15 ml) was degassed prior to heating to
reflux for 3 days. After cooling to room temperature, the reaction mixture was extracted
with dichloromethane. The combined organic layers were dried over Na2SO4, filtered, and
the solvent was removed in vacuo. The crude product was suspended in diethyl ether (30
mL) and sonicated. The solid was filtered off and subjected to column chromatography
(SiO2) using dichloromethane as an eluent. 13 was obtained as a beige solid (1.99 g,
2.78 mmol, 92%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.73 (dd, J = 2.3, 0.9 Hz,
2H), 8.55 (dd, J = 8.1, 0.8 Hz, 2 H), 7.89 (dd, J = 8.1, 2.3 Hz, 2 H), 7.37 (s, 2 H), 7.22
(s, 2 H), 7.05 (s, 2 H), 6.94 (s, 2 H), 2.45 (s, 6H), 2.33 (s, 6 H), 2.09 (s, 12 H), 0.37 (S, 18 H).
14: To a suspension of 13 (1.95 g, 2.72 mmol) and NaOAc (446 mg, 5.44 mmol) in
dry THF (30 mL) was added bromine (0.56 mL, 10.9 mmol). The reaction mixture was
stirred for 4 h at room temperature under exclusion of light. Subsequently triethylamine
(3.02 mL, 21.8 mmol) and a saturated aqueous solution of Na2S2O3 were added. The
mixture was extracted with dichloromethane. The combined organic layers were dried
over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was
dissolved in hot diethyl ether (25 mL) and pentane (40 mL) was added. The mixture was
kept in the refrigerator over night, and subsequently the precipitate was filtered and dried,
yielding 14 as a beige solid (1.52 g, 2.08 mmol, 77%). 1H-NMR (400 MHz, CD2Cl2): δ
(ppm) = 8.72 (dd, J = 2.3, 0.9 Hz, 2 H), 8.55 (dd, J = 8.2, 0.9 Hz, 2H), 7.88 (dd, J =
8.1, 2.3 Hz, 2 H), 7.48 (s, 2 H), 7.22 (s, 2 H), 7.04 (s, 2 H), 7.03 (s, 2 H), 2.39 (s, 6 H),
2.33 (S, 6 H), 2.08 (s, 6 H), 2.07 (s, 6 H).
15: A biphasic mixture of 2-bromoanthraquinone (4.31 g, 15.0 mmol), 2,5-dimethyl-4-
trimethylsilyl-1-phenylboronic acid[110] (4.00 g, 18.0 mmol), Na2CO3 (4.77 g, 45.0 mmol)
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and Pd(PPh3)4 (867 mg, 0.75 mmol) in THF (60 mL) and water (15 ml) was degassed
prior to heating to reflux over night. After cooling to room temperature, the reaction
mixture was extracted with dichloromethane. The combined organic layers were dried
over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was
purified by column chromatography on silica using pentane/dichloromethane 2:1 (v:v) as
an eluent to yield 15 as a yellow solid (5.66 g, 14.7 mmol, 98%). 1H-NMR (400 MHz,
CDCl3): δ (ppm) = 8.38 – 8.29 (m, 4 H), 7.85 – 7.75 (m, 3 H), 7.40 (s, 1 H), 7.11 (s, 1
H), 2.48 (s, 3 H), 2.30 (s, 3 H), 0.37 (s, 9 H).
16: To a solution of 15 (5.66 g, 14.7 mmol) in dry dichloromethane (60 mL) was added
a solution of iodine monochloride (3.58 g, 22.1 mmol) in dry dichloromethane (10 mL)
and the reaction mixture was stirred for 1 h at room temperature. A saturated aque-
ous solution of Na2S2O3 was added, the layers were separated. The aqueous phase was
extracted with dichloromethane. The combined organic layers were dried over Na2SO4,
filtered, and the solvent was removed in vacuo. The crude product was purified by column
chromatography on silica using pentane/dichloromethane 1:1 (v:v) as an eluent to yield
16 as a yellow solid (5.23 g, 11.9 mmol, 81%). 1H-NMR (400 MHz, CDCl3): δ (ppm) =
8.38 – 8.30 (m, 3 H), 8.25 (d, J = 1.8 Hz, 1H), 7.85 - 7.80 (m, 2 H), 7.78 (s, 1 H), 7.73
(dd, J = 7.9, 1.8 Hz, 1H), 7.14 (s, 1H), 2.45 (s, 3 H), 2.23 (s, 3H).
17: A mixture of 16 (2.19 g, 5.00 mmol), bis(pinacol)diboron (1.90 g, 7.50 mmol), KOAc
(1.960 g, 20.0 mmol) and Pd(PPh3)2Cl2 (175 mg, 0.25 mmol) in DMSO (30 mL) was
degassed and stirred at 90 °C over night. After cooling to room temperature, the reaction
mixture was treated with water (100 mL) and saturated aqueous NH4Cl-solution (20 mL),
and the aqueous phase was extracted with diethyl ether. The combined organic layers were
dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was
purified by column chromatography on silica using pentane/diethyl ether 4:1 (v:v) as an
eluent to yield 17 as a yellow solid (1.99 g, 4.55 mmol, 91%). 1H-NMR (400 MHz, CDCl3):
δ (ppm) = 8.38 – 8.31 (m, 3 H), 8.28 (d, J = 1.8 Hz, 1 H), 7.85 - 7.79 (m, 2 H), 7.76 (dd,
J = 8.0, 1.8 Hz, 1 H), 7.72 (s, 1 H), 7.11 (s, 1 H), 2.56 (s, 3 H), 2.28 (s, 3 H), 1.37 (s, 12 H).
18: A biphasic mixture of 12 (522 mg, 1.00 mmol), 3 (306 mg, 6.67·10-4 mol), Na2CO3
(212 mg, 2.00 mmol) and Pd(PPh3)4 (39 mg, 3.34·10
-5 mol) in THF (20 mL) and water
(4 ml) was degassed prior to heating to reflux over night. After cooling to room temper-
ature, the reaction mixture was extracted with dichloromethane. The combined organic
layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The
crude product was purified by column chromatography on silica using pentane/diethyl
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ether 5:1 (v:v) with 2% triethylamine as an eluent to yield 18 as a white solid (264 mg,
3.41·10-4 mol, 51%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.73 (dd, J = 2.3, 0.8
Hz, 1 H), 8.64 (dd, J = 2.3, 0.8 Hz, 1 H), 8.55 (t, J = 0.8 Hz, 1 H), 8.53 (t, J = 0.8
Hz, 1 H), 7.89 (dd, J = 8.1, 2.3 Hz, 1 H), 7.81 (dd, J = 8.2, 2.3 Hz, 1 H), 7.52 (s, 1
H), 7.22 (s, 1 H), 7.20 (s, 1 H), 7.11 (s, 1 H), 6.98 (s, 1 H), 6.97 (s, 1 H), 6.82 – 6.77
(m, 4 H), 3.77 (s, 6 H), 2.42 (s, 3 H), 2.34 (s, 3 H), 2.29 (s, 3 H), 2.14 (s, 3 H), 2.01 (s, 6 H).
19: A biphasic mixture of 14 (731 mg, 1.00 mmol), 3 (306 mg, 6.67·10-4 mol), Na2CO3
(212 mg, 2.00 mmol) and Pd(PPh3)4 (39 mg, 3.34·10
-5 mol) in THF (25 mL) and water (5
ml) was degassed prior to heating to reflux over night. After cooling to room temperature,
the reaction mixture was extracted with dichloromethane. The combined organic layers
were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude prod-
uct was purified by column chromatography on silica using a gradient of pentane/diethyl
ether starting from 5:1 (v:v) to 2:1 (v:v) each with 2% triethylamine as an eluent, yielding
19 as a white solid (251 mg, 2.55·10-4 mol, 38%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm)
= 8.74 (ddd, J = 8.7, 2.3, 0.9 Hz, 2 H), 8.57 (dd, J = 8.1, 0.9 Hz, 2 H), 7.90 (td, J =
8.4, 2.3 Hz, 2 H), 7.48 (s, 1 H), 7.25 (s, 1 H), 7.23 (s, 1 H), 7.15 (sbr, 1 H), 7.09 – 7.00 (m,
5 H), 6.97 (s, 1 H), 6.94 – 6.89 (m, 4 H), 6.82 -6.78 (m, 4 H), 3.77 (s, 6 H), 2.40 (s, 3 H),
2.36 (s, 3 H), 2.34 (s, 3 H), 2.17 – 2.07 (m, 15 H), 2.04 – 2.00 (m, 6 H).
20: A biphasic mixture of 5,5’-dibromo-2,2’-bipyridine[111] (10, 1.18 g, 3.75 mmol), 17
(1.10 g, 2.50 mmol), Na2CO3 (795 mg, 7.50 mmol) and Pd(PPh3)4 (144 mg, 1.25·10
-4 mol)
in THF (40 mL) and water (10 ml) was degassed prior to heating to reflux over night. After
cooling to room temperature, the reaction mixture was extracted with dichloromethane.
The combined organic layers were dried over Na2SO4, filtered, and the solvent was re-
moved in vacuo. The crude product was purified by recrystallization from toluene (150
mL). The precipitate was filtered, washed with diethyl ether, and dried in vacuo to yield
20 as a yellow solid (1.16 g, 2.12 mmol, 85%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) =
8.75 (dd, J = 2.4, 0.7 Hz, 1 H), 8.70 (dd, J = 2.3, 0.9 Hz, 1 H), 8.49 (dd, J = 8.1, 0.9
Hz, 1 H), 8.41 (d, J = 8.4 Hz, 1 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.35 – 8.31 (m, 3 H), 7.99
(dd, J = 8.5, 2.4 Hz, 1 H), 7.89 – 7.83 (m, 4 H), 7.29 (s, 1 H), 7.27 (s, 1 H), 2.36 (s, 3
H), 2.35 (s, 3 H).
21: A biphasic mixture of 12 (1.57 g, 3.00 mmol), 17 (1.10 g, 2.50 mmol), Na2CO3 (795
mg, 7.50 mmol) and Pd(PPh3)4 (144 mg, 1.25·10
-4 mol) in THF (40 mL) and water (10
ml) was degassed prior to heating to reflux over night. After cooling to room temperature,
the reaction mixture was filtered and the solid was washed with water and diethyl ether.
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Drying in vacuo yielded 21 as a pale yellow solid (1.06 g, 1.41 mmol, 56%). 1H-NMR (400
MHz, CD2Cl2): δ (ppm) = 8.67 (dd, J = 6.8, 2.3 Hz, 1 H), 8.57 (d, J = 2.3 Hz, 1 H),
8.50 (d, J = 8.2 Hz, 1 H), 8.47 (d, J = 8.0 Hz, 1 H), 8.32 – 8.23 (m, 4 H), 7.86 – 7.71 (m,
5 H), 7.45 (s, 1 H), 7.21 – 7.17 (m, 2 H), 7.12 (s, 1 H), 7.05 (s, 1 H), 7.04 (s, 1 H), 2.35
(s, 3 H), 2.30 – 2.27 (m, 3 H), 2.26 (s, 3 H), 2.21 (s, 3 H), 2.09 (s, 3 H), 2.08 (s, 3 H). MS
(ESI): m/z = 753/755 [C48H37BrN2O2+H]
+.
22: A biphasic mixture of 14 (1.40 g, 1.92 mmol), 17 (701 mg, 1.60 mmol), Na2CO3 (509
mg, 4.80 mmol) and Pd(PPh3)4 (92 mg, 8.0·10
-5 mol) in THF (40 mL) and water (10 ml)
was degassed prior to heating to reflux for 3 days. After cooling to room temperature,
the reaction mixture was filtered and the solid was washed with water and diethyl ether.
Drying in vacuo yielded 22 as a beige solid (1.19 g, 1.24 mmol, 78%). 1H-NMR (400 MHz,
CD2Cl2): δ (ppm) = 8.78 – 8.71 (m, 2 H), 8.57 (d, J = 8.0 Hz, 2 H), 8.40 – 8.31 (m, 4
H), 7.95 – 7.83 (m, 5 H), 7.48 (s, 1 H), 7.27 (s, 2 H), 7.23 (s, 1 H), 7.17 (s, 1 H), 7.15
(s, 1 H), 7.08 (s, 2 H), 7.04 (s, 1 H), 7.03 (s, 1 H), 2.40 (s, 3 H), 2.37 (s, 3 H), 2.34 (s,
6 H), 2.18 (s, 3 H), 2.17 (s, 3 H), 2.14 (s, 6 H), 2.08 (s, 6 H). MS (ESI): m/z = 961/963
[C64H53BrN2O2+H]
+.
23: This compound was prepared following the procedure for similar homo-coupling
reactions.[112] To a solution of 1,4-dibromo-p-xylene (5.28 g, 20.0 mmol) in dry THF (150
mL) at -78°C was added n-BuLi (2.5 M in hexane, 8.80 mL, 22.0 mmol) drop-wise over
a period of approximately 20 minutes. The mixture was stirred at -78°C for 1.5 h prior
to addition of CuCN (896 mg, 10.0 mmol). The reaction was allowed to warm to room
temperature until all CuCN was dissolved. To the clear solution was added duroquinone
(4.93 g, 30.0 mmol) causing an instant color change to deep-blue. The reaction was stirred
further for 3 h at room temperature before aqueous HCl (2 M, 100 mL) was added. The
mixture was extracted with diethyl ether. The combined organic layers were dried over
Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was purified
by column chromatography on silica using pentane as an eluent to yield 23 as a colorless
viscous oil (3.35 g, 9.11 mmol, 91%). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.43 (s, 2
H), 6.92 (s, 2 H), 2.36 (s, 6 H), 1.98 (s, 6 H).
24: To a solution of 23 (3.35 g, 9.11 mmol) in dry THF (100 mL) at -78°C was added
n-BuLi (2.5 M in hexane, 3.83 mL, 9.57 mmol) drop-wise over a period of approximately
15 minutes. The mixture was stirred at -78°C for 1 h prior to addition of TMSCl (1.27
mL, 10.0 mmol). The reaction was allowed to warm to room temperature and was stirred
over night. Subsequently, water (100 mL) was added and the mixture was extracted with
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diethyl ether. The combined organic layers were dried over Na2SO4, filtered, and the sol-
vent was removed in vacuo. The crude product was purified by column chromatography
on silica using pentane as an eluent to yield 24 as a colorless viscous oil (2.56 g, 7.09
mmol, 78%). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 7.43 (s, 1 H), 7.31 (s, 1 H), 6.97
(s, 1 H), 6.85 (s, 1 H), 2.42 (s, 3 H), 2.36 (s, 3 H), 2.02 (s, 3 H), 2.01 (s, 3 H), 0.35 (s, 9 H).
25: A biphasic mixture of 9 (1.28 g, 3.00 mmol), 24 (904 mg, 2.50 mmol), Na2CO3 (795
mg, 7.50 mmol) and Pd(PPh3)4 (144 mg, 1.25·10
-4 mol) in THF (20 mL) and water (5 ml)
was degassed prior to heating to reflux over night. After cooling to room temperature, the
reaction mixture was extracted with dichloromethane. The combined organic layers were
dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was
purified by column chromatography on silica using pentane/dichloromethane 5:1 (v:v) as
an eluent, yielding 25 as a white solid (1.06 g, 1.82 mmol, 73%). 1H-NMR (400 MHz,
CD2Cl2): δ (ppm) = 7.35 (s, 1 H), 7.05 – 7.00 (m, 6 H), 6.99 – 6.94 (m, 3 H), 6.90 –
6.85 (m, 4 H), 2.44 (s, 3 H), 2.28 (s, 6 H), 2.09 – 2.03 (m, 9 H), 2.00 (sbr, 6 H), 0.36 (s, 9 H).
26: A solution of 25 (1.06 g, 1.82 mmol) in dry dichloromethane (30 mL) was cooled to
0 °C prior to addition of a solution of iodine monochloride (591 mg, 3.64 mmol) in dry
dichloromethane (10 mL). The resulting mixture was stirred for 30 minutes at 0 °C and
an saturated aqueous solution of Na2S2O3 was added. The layers were separated, and
the aqueous layer was extracted with dichloromethane. The combined organic layers were
dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was
purified by column chromatography on silica using pentane/dichloromethane 5:1 (v:v) as
an eluent, yielding 26 as a white solid (1.08 g, 1.70 mmol, 93%). 1H-NMR (400 MHz,
CD2Cl2): δ (ppm) = 7.75 (s, 1 H), 7.06 – 7.00 (m, 6 H), 7.00 – 6.94 (m, 3 H), 6.90 – 6.85
(m, 4 H), 2.42 (s, 3 H), 2.28 (s, 6 H), 2.09 – 1.97 (m, 15 H).
27: A mixture of 26 (1.08 g, 1.70 mmol), bis(pinacol)diboron (648 mg, 2.55 mmol), KOAc
(667 mg, 6.80 mmol) and Pd(PPh3)2Cl2 (60 mg, 8.50·10
-5 mol) in DMSO (25 mL) was
degassed and reacted at 90 °C over night. After cooling to room temperature, the reac-
tion mixture was treated with water (100 mL) and saturated aqueous NH4Cl-solution (20
mL), and the aqueous phase was extracted with dichloromethane. The combined organic
layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude
product was purified by column chromatography on silica using pentane/dichloromethane
5:1 (v:v) as an eluent to yield 27 as a white solid (710 mg, 1.12 mmol, 66%). 1H-NMR
(400 MHz, CD2Cl2): δ (ppm) = 7.64 (s, 1 H), 7.06 – 7.00 (m, 6 H), 6.99 – 6.95 (m, 3 H),
6.90 – 6.86 (m, 4 H), 2.51 (s, 3 H), 2.28 (s, 6 H), 2.09 – 2.05 (m, 6 H), 2.02 (s, 3 H), 2.01
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– 1.99 (m, 6 H), 1.36 (s, 12 H).
28: A biphasic mixture of 17 (789 mg, 1.80 mmol), 24 (542 mg, 1.50 mmol), Na2CO3
(477 mg, 4.50 mmol) and Pd(PPh3)4 (87 mg, 7.50·10
-5 mol) in THF (20 mL) and water
(5 ml) was degassed prior to heating to reflux over night. After cooling to room temper-
ature, the reaction mixture was extracted with dichloromethane. The combined organic
layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude
product was purified by column chromatography on silica using pentane/dichloromethane
1:1 (v:v) as an eluent, yielding 28 as a yellow solid (803 mg, 1.37 mmol, 91%). 1H-NMR
(400 MHz, CDCl3): δ (ppm) = 8.39 (d, J = 8.0 Hz, 1 H), 8.38 – 8.34 (m, 3 H), 7.86 (dd,
J = 8.0, 1.8 Hz, 1 H), 7.85 – 7.81 (m, 2 H), 7.35 (s, 1 H), 7.22 (s, 1 H), 7.15 (s, 1 H),
7.05 – 7.01 (m, 2 H), 6.99 (s, 1 H), 2.46 (s, 3 H), 2.33 (s, 3 H), 2.17 – 2.14 (m, 3 H), 2.12
– 2.06 (m, 9 H), 0.37 (s, 9 H).
29: To a solution of 28 (813 mg, 1.37 mmol) in dry dichloromethane (40 mL) was added
a solution of iodine monochloride (334 mg, 2.05 mmol) in dry dichloromethane (10 mL).
The resulting mixture was stirred for 1 h, and then a saturated aqueous solution of
Na2S2O3 was added. The layers were separated, and the aqueous layer was extracted
with dichloromethane. The combined organic phases were dried over Na2SO4, filtered,
and the solvent was removed in vacuo. The crude product was purified by short column
chromatography on silica using dichloromethane as an eluent, yielding 29 as a pale-yellow
solid (758 mg, 1.17 mmol, 85%). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.39 (d, J =
8.0 Hz, 1 H), 8.38 – 8.34 (m, 3 H), 7.87 – 7.81 (m, 3 H), 7.75 (s, 1 H), 7.22 (s, 1 H), 7.13
(d, J = 3.3 Hz, 1 H), 7.06 (d, J = 3.0 Hz, 1 H), 7.04 (d, J = 5.4 Hz, 1 H), 6.98 (d, J = 5.3
Hz, 1 H), 2.43 (s, 3 H), 2.33 (s, 3 H), 2.15 – 2.13 (m, 3 H), 2.10 (s, 3 H), 2.07 – 2.04 (m, 6 H).
30: A mixture of 29 (758 mg, 1.17 mmol), bis(pinacol)diboron (446 mg, 1.75 mmol),
KOAc (459 mg, 4.68 mmol) and Pd(PPh3)2Cl2 (41 mg, 5.85·10
-5 mol) in DMSO (20 mL)
was degassed and stirred at 90 °C over night. After cooling to room temperature, the
reaction mixture was treated with water (80 mL) and saturated aqueous NH4Cl-solution
(20 mL), and the aqueous phase was extracted with dichloromethane. The combined or-
ganic phases were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The
crude product was purified by column chromatography on silica using a gradient starting
from pentane/dichloromethane 1:1 (v:v) to neat dichloromethane as an eluent, yielding
30 as a yellow solid (536 mg, 8.29·10-4 mol, 71%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm)
= 8.39 (d, J = 8.0 Hz, 1 H), 8.38 – 8.34 (m, 3 H), 7.86 (dd, J = 8.0, 1.9 Hz, 1 H), 7.85 –
7.81 (m, 2 H), 7.69 (s, 1 H), 7.22 (s, 1 H), 7.15 (s, 1 H), 7.04 – 6.98 (m, 3 H), 2.55 (s, 3
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H), 2.33 (s, 3 H), 2.16 – 2.13 (m, 3 H), 2.12 – 2.09 (m, 6 H), 2.05 (s, 3 H).
31: A biphasic mixture of 5,5’-dibromo-2,2’-bipyridine[111] (10, 527 mg, 1.68 mmol), 27
(710 mg, 1.12 mmol), Na2CO3 (356 mg, 3.36 mmol) and Pd(PPh3)4 (65 mg, 5.60·10
-5 mol)
in THF (20 mL) and water (5 ml) was degassed prior to heating to reflux over night. After
cooling to room temperature, the reaction mixture was extracted with dichloromethane.
The combined organic layers were dried over Na2SO4, filtered, and the solvent was re-
moved in vacuo. The crude product was purified by column chromatography on C-18
reversed phase silica using as eluent a gradient starting from acetonitrile to acetone to
dichloromethane, yielding 28 as a white solid (372 mg, 5.00·10-4 mol, 45%). 1H-NMR
(400 MHz,CD2Cl2): δ (ppm) = 8.75 (dd, J = 2.4, 0.7 Hz, 1 H), 8.71 (dd, J = 2.3, 0.9
Hz, 1 H), 8.48 (dd, J = 8.2, 0.9 Hz, 1 H), 8.42 (dd, J = 8.5, 0.8 Hz, 1 H), 7.99 (dd, J =
8.5, 2.4 Hz, 1 H), 7.88 (dd, J = 8.2, 2.3 Hz, 1 H), 7.22 (s, 1 H), 7.13 (d, J = 4.2 Hz, 1
H), 7.08 – 7.01 (m, 7 H), 6.99 (s, 1 H), 6.91 – 6.86 (m, 4 H), 2.33 (s, 3 H), 2.29 (s, 6 H),
2.16 – 2.09 (m, 9 H), 2.04 – 1.99 (m, 6 H).
32: A mixture of 18 (264 mg, 3.41·10-4 mol), 17 (179 mg, 4.09·10-4 mol), Na2CO3 (108
mg, 1.02 mmol) and Pd(PPh3)4 (20 mg, 1.71·10
-5 mol) in THF (6 mL) and water (1.5 mL)
was degassed prior to heating to reflux over night. After cooling to room temperature, the
reaction mixture was extracted with dichloromethane. The combined organic layers were
dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product
was purified by column chromatography on silica using pentane/diethyl ether 1:1 (v:v)
with 2% triethylamine as an eluent to yield 32 as a pale brown solid (270 mg, 2.68·10-4
mol, 79%). 1H-NMR (400 MHz, ,CD2Cl2): δ (ppm) = 8.75 (dd, J = 2.2, 0.9 Hz, 1 H),
8.74 (dd, J = 2.3, 0.9 Hz, 1 H), 8.58 (dd, J = 2.1, 0.9 Hz, 1 H), 8.56 (dd, J = 2.1, 0.9
Hz, 1 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.36 – 8.32 (m, 3 H), 7.93 – 7.83 (m, 5 H), 7.27 (s, 2
H), 7.24 (s, 1 H), 7.13 (s, 2 H), 7.12 (s, 1 H), 6.99 (s, 1 H), 6.97 (s,1 H), 6.94 – 6.89 (m,
4 H), 6.83 – 6.77 (m, 4 H), 3.77 (s, 6 H), 2.37 (s, 3 H), 2.36 (s, 3 H), 2.34 (s, 3 H), 2.17
(s, 6 H), 2.15 (s, 3 H), 2.02 (s, 6 H).
33: A mixture of 19 (251 mg, 2.55·10-4 mol), 17 (134 mg, 3.06·10-4 mol), Na2CO3 (81 mg,
7.66·10-4 mol) and Pd(PPh3)4 (15 mg, 1.28·10
-5 mol) in THF (6 mL) and water (1.5 mL)
was degassed prior to heating to reflux over night. After cooling to room temperature, the
reaction mixture was extracted with dichloromethane. The combined organic layers were
dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude product
was purified by column chromatography on silica using pentane/diethyl ether 1:1 (v:v)
with 2% triethylamine as an eluent to yield 33 as a yellow-brown solid (155 mg, 1.28·10-4
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mol, 50%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.77 – 8.75 (m, 2 H), 8.60 – 8.56
(m, 2 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.37 – 8.32 (m, 3 H), 7.94 – 7.83 (m, 5 H), 7.27 (s,
2 H), 7.26 (s, 1 H), 7.17 (s, 1 H), 7.16 (s, 1 H), 7.14 (s, 1 H), 7.08 (s, 2 H), 7.07 (s, 1 H),
7.05 (s, 1 H), 7.02 (sbr, 1 H), 6.97 (s, 1 H), 6.94 – 6.89 (m, 4 H), 6.82 – 6.78 (m, 4 H), 3.77
(s, 6 H), 2.38 (s, 3 H), 2.37 (s, 3 H), 2.35 (s, 3 H), 2.19 – 2.10 (m, 21 H), 2.04 – 2.00 (m, 6 H).
34: A biphasic mixture of 20 (382 mg, 7.00·10-4 mol), 5 (crude: 559 mg; containing
436 mg, 8.40·10-4 mol of pure 5), Na2CO3 (223 mg, 2.10 mmol) and Pd(PPh3)4 (41 mg,
3.50·10-5 mol) in THF (15 mL) and water (4 ml) was degassed prior to heating to reflux
over night. After cooling to room temperature, the reaction mixture was extracted with
dichloromethane. The combined organic layers were dried over Na2SO4, filtered, and the
solvent was removed in vacuo. The crude product was purified by column chromatography
on silica using a gradient starting from pentane/diethyl ether 1:1 (v:v) to neat diethyl ether
with 2% methanol as an eluent, yielding 34 as a yellow-brown solid (515 mg, 6.00·10-4
mol, 86%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.72 (ddd, J = 7.4, 2.3, 0.8 Hz, 2
H), 8.55 (td, J = 8.0, 0.9 Hz, 2 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.36 – 8.31 (m, 3 H), 7.91
– 7.83 (m, 5 H), 7.30 (s, 2 H), 7.17 (s, 1 H), 7.01 (s, 1 H), 6.76 (d, J = 8.7 Hz, 2 H), 6.64
(d, J = 2.6 Hz, 2 H), 6.44 (dd, J = 8.6, 2.5 Hz, 2 H), 3.80 (s, 6 H), 3.71 (s, 6 H), 2.38
(s, 3 H), 2.36 (s, 3 H), 2.25 (s, 3 H), 2.05 (s, 3 H). MS (ESI): m/z = 858 [C56H47N3O6+H]
+.
35: A biphasic mixture of 21 (377 mg, 5.00·10-4 mol), 5 (crude: 416 mg; containing
312 mg, 6.00·10-4 mol of pure 5), Na2CO3 (159 mg, 1.50 mmol) and Pd(PPh3)4 (29 mg,
2.50·10-5 mol) in THF (15 mL) and water (4 ml) was degassed prior to heating to reflux
for 2 days. After cooling to room temperature, the reaction mixture was extracted with
dichloromethane. The combined organic layers were dried over Na2SO4, filtered, and the
solvent was removed in vacuo. The crude product was purified by column chromatogra-
phy on silica using a gradient starting from pentane/diethyl ether 1:1 (v:v) to neat diethyl
ether with 2% methanol as an eluent to yield 35 as a yellow-brown solid (515 mg, 6.00·10-4
mol, 86%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.75 (ddd, J = 4.1, 2.3, 0.9 Hz, 2
H), 8.57 (ddd, J = 8.1, 1.5, 0.8 Hz, 2 H), 8.38 (d, J = 8.0, 1 H), 8.36 – 8.32 (m, 3 H),
7.93 – 7.84 (m, 5 H), 7.24 (s, 2 H), 7.24 (s, 1 H), 7.13 (s, 3 H), 6.99 (s, 2 H), 6.76 (d, J
= 8.7 Hz, 2 H), 6.63 (d, J = 2.6 Hz, 2 H), 6.46 (dd, J = 8.6, 2.6 Hz, 2 H), 3.80 (s, 6 H),
3.70 (s, 6 H), 2.37 (s, 3 H), 2.36 (s, 3 H), 2.34 (s, 3 H), 2.17 (s, 6 H), 2.13 (s, 3 H), 2.04
(s, 3 H), 2.03 (s, 3 H). MS (ESI): m/z = 1066 [C72H63N3O6+H]
+.
36: A mixture of 22 (481 mg, 5.00·10-4 mol), 5 (crude: 416 mg; containing 312 mg,
6.00·10-4 mol of pure 5), Cs2CO3 (489 mg, 1.50 mmol) and Pd(PPh3)4 (29 mg, 2.50·10
-5
134
7 Experimental Section
mol) in DMF (50 ml) was degassed prior to stirring at 100 °C for 3 days. After cooling
to room temperature, water (200 mL) was added and the precipitate was filtered, washed
with water, and dried. The crude product was purified by column chromatography on
silica using dichloromethane with 1.5% methanol and 1.5% triethylamine as an eluent. A
second purification by column chromatography was necessary in this case using diethyl
ether with 2% triethylamine as an eluent, yielding 36 as a beige solid (137 mg, 1.07·10-4
mol, 21%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.77 – 8.75 (m, 2 H), 8.58 (d, J =
8.2 Hz, 2 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.36 – 8.32 (m, 3 H), 7.94 – 7.84 (m, 5 H), 7.27
(s, 2 H), 7.26 (s, 1 H), 7.18 – 7.14 (m, 3 H), 7.08 (s, 3 H), 7.06 - 7.01 (m, 2 H), 6.99 (s, 1
H), 6.76 (d, J = 8.7 Hz, 2 H), 6.64 (d, J = 2.6 Hz, 2 H), 6.46 (dd, J = 8.6, 2.6 Hz, 2 H),
3.80 (s, 6 H), 3.70 (s, 6 H), 2.38 (s, 3 H), 2.37 (s, 3 H), 2.35 (s, 3 H), 2.19 – 2.11 (m, 18
H), 2.10 (s, 3 H), 2.06 – 2.01 (m, 6 H). MS (ESI): m/z = 1275 [C88H79N3O6+H]
+.
37: A biphasic mixture of 20 (382 mg, 7.00·10-4 mol), 9 (359 mg, 8.40·10-4 mol), Na2CO3
(223 mg, 2.10 mmol) and Pd(PPh3)4 (41 mg, 3.50·10
-5 mol) in THF (15 mL) and water
(5 ml) was degassed prior to heating to reflux over night. After cooling to room temper-
ature, the reaction mixture was extracted with dichloromethane. The combined organic
layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude
product was purified by column chromatography on silica using a gradient starting from
pentane/dichloromethane 2:1 (v:v) to neat dichloromethane with additional 2% triethy-
lamine as an eluent to yield 37 as an orange solid (389 mg, 5.08·10-4 mol, 73%). 1H-NMR
(400 MHz, CD2Cl2): δ (ppm) = 8.72 (dd, J = 8.3, 2.3 Hz, 2 H), 8.55 (t, J = 8.0 Hz, 2
H), 8.38 (d, J = 8.0 Hz, 1 H), 8.36 – 8.31 (m, 3 H), 7.91 – 7.83 (m, 5 H), 7.30 (s, 2 H),
7.19 (s, 1 H), 7.07 – 7.02 (m, 5 H), 6.90 – 6.86 (m, 4 H), 2.38 (s, 3 H), 2.36 (s, 3 H), 2.29
(s, 6 H), 2.25 (s, 3 H), 2.03 (s, 3 H).
38: A biphasic mixture of 21 (339 mg, 4.50·10-4 mol), 9 (231 mg, 5.40·10-4 mol), Na2CO3
(143 mg, 1.35 mmol) and Pd(PPh3)4 (26 mg, 2.25·10
-5 mol) in THF (12 mL) and water
(3 ml) was degassed prior to heating to reflux for 2 days. After cooling to room temper-
ature, the reaction mixture was extracted with dichloromethane. The combined organic
layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo. The crude
product was purified by column chromatography on silica using dichloromethane with 2%
methanol as an eluent, yielding 38 as an orange solid (329 mg, 3.37·10-4 mol, 75%). 1H-
NMR (400 MHz, CD2Cl2): δ (ppm) = 8.77 – 8.74 (m, 2 H), 8.60 – 8.55 (m, 2 H), 8.38 (d,
J = 8.0 Hz, 1 H), 8.36 – 8.32 (m, 3 H), 7.94 – 7.84 (m, 5 H), 7.27 (s, 2 H), 7.24 (s, 1 H),
7.13 (s, 3 H), 7.06 – 7.02 (m, 4 H), 7.01 (s, 2 H), 6.90 – 6.86 (m, 4 H), 2.37, (s, 3 H), 2.36
(s, 3 H), 2.34 (s, 3 H), 2.29 (s, 6 H), 2.17 (s, 6 H), 2.15 (s, 3 H), 2.03 (s, 3 H), 2.01 (s, 3 H).
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39: A biphasic mixture of 31 (372 mg, 5.00·10-4 mol), 30 (388 mg, 6.00·10-4 mol), Na2CO3
(159 mg, 1.50 mmol) and Pd(PPh3)4 (29 mg, 2.50·10
-5 mol) in THF (16 mL) and wa-
ter (4 ml) was degassed prior to heating to reflux over night. After cooling to room
temperature, the reaction mixture was extracted with dichloromethane. The combined
organic layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo.
The crude product was purified by column chromatography on silica using a gradient
starting from pentane/diethyl ether 5:1 (v:v) with 1% methanol and 1% triethylamine to
pentane/dichloromethane 1:1 (v:v) with 2% methanol as an eluent. In order to remove
further impurities, the product was dissolved in a minimum amount of dichloromethane
and given into methanol. The precipitate was dried in vacuo, yielding 39 as an pale
pink solid (438 mg, 37.0·10-4 mol, 74%). 1H-NMR (400 MHz, CD2Cl2): δ (ppm) = 8.76
(sbr, 2 H), 8.58 (d, J = 8.1 Hz, 2 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.37 - 8.32 (m, 3 H),
7.95 – 7.83 (m, 5 H), 7.29 – 7.24 (m, 3 H), 7.19 – 7.13 (m, 3 H), 7.11 – 7.02 (m, 9 H),
7.00 (s, 1 H), 6.92 – 6.87 (m, 4 H), 2.38 (s, 3 H), 2.37 (s, 3 H), 2.35 (s, 3 H), 2.29 (s, 6
H), 2.20 – 2.11 (m, 21 H), 2.05 – 2.01 (m, 6 H). MS (ESI): m/z = 1183 [C86H75N3O2+H]
+.
anisyl-xy2: A solution of 32 (270 mg, 2.68·10
-4 mol) and [Ru(bpy)2Cl2]
[113] (130 mg,
2.68·10-4 mol) in ethanol (12 mL) and chloroform (4 mL) was heated to reflux under a
N2-atmosphere for 2 days. The solvent was evaporated and the residue was dissolved
in dichloromethane and water. KPF6 was added and the aqueous phase was extracted
with dichloromethane. The combined organic layers were washed with water. The solvent
was evaporated and the residue was dissolved in a minimal amount of acetone, and then
added drop-wise to diethyl ether. The precipitate was filtered and washed thoroughly
with diethyl ether and water. The product was collected by rinsing the frit with acetone
and evaporation of the solvent, yielding anisyl-xy2 as a red solid (383 mg, 2.68·10
-4 mol,
83%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 9.00 (dd, J = 8.4, 2.6 Hz, 2 H), 8.91
– 8.86 (m, 4 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.37 – 8.31 (m, 6 H), 8.31 – 8.20 (m, 5 H),
8.20 – 8.16 (m, 2 H), 8.10 – 8.06 (m, 2 H), 8.01 – 7.95 (m, 3 H), 7.68 (dd, J = 7.6, 5.8
Hz, 2 H), 7.63 - 7.57 (m, 2 H), 7.32 (s, 1 H), 7.20 (sbr, 1 H), 7.16 (sbr, 1 H), 7.08 (s, 1
H), 7.06 (s, 1 H), 7.03 (s, 1 H), 6.96 (s, 1 H), 6.91 (s, 1 H), 6.89 – 6.83 (m, 8 H), 3.77 (s,
6 H), 2.34 (s, 3 H), 2.11 – 2.04 (m, 15 H), 2.00 (s, 3 H), 1.93 (s, 3 H). MS (ESI): m/z
= 709.7464 (calc. 709.7469). Anal. calc. for C90H75F12N7O4P2Ru·1.5CH3C(O)CH3·H2O
(%): C, 62.55; H, 4.69; N, 5.49. Found: C, 62.84; H, 5.03; N, 5.79.
anisyl-xy3: A solution of 33 (155 mg, 1.27·10-4 mol) and [Ru(bpy)2Cl2]
[113] (62 mg,
1.27·10-4 mol) in ethanol (9 mL) and chloroform (3 mL) was heated to reflux under a
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N2-atmosphere for 3 days. The solvent was evaporated and the residue was dissolved
in dichloromethane and water. KPF6 was added and the aqueous phase was extracted
with dichloromethane. The combined organic layers were washed with water. The solvent
was evaporated and the residue was dissolved in a minimal amount of acetone, and then
added drop-wise to diethyl ether. The precipitate was filtered and washed thoroughly
with diethyl ether and water. The product was collected by rinsing the frit with acetone
and evaporation of the solvent, yielding anisyl-xy3 as a red solid (127 mg, 6.62·10
-5 mol,
52%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 9.01 (d, J = 8.4, 2 H), 8.90 (d, J =
8.5 Hz, 4 H), 8.39 (d, J = 8.0 Hz, 1 H), 8.38 – 8.17 (m, 13 H), 8.11 – 8.07 (m, 2 H), 8.03
– 7.96 (m, 3 H), 7.71 – 7.66 (m, 2 H), 7.64 - 7.58 (m, 2 H), 7.34 (s, 1 H), 7.21 – 7.17 (m,
2 H), 7.15 (s, 1 H), 7.11 (s, 1 H), 7.07 (s, 1 H), 7.05 (s, 2 H), 7.00 (s, 2 H), 6.99 (s, 1 H),
6.96 (s, 1 H), 6.92 – 6.83 (m, 8 H), 3.77 (s, 6 H), 2.37 (s, 3 H), 2.18 – 1.98 (m, 33 H).
MS (ESI): m/z = 813.8092 (calc. 813.8085). Anal. calc. for C106H91F12N7O4P2Ru·2H2O
(%): C, 65.16; H, 4.90; N, 5.02. Found: C, 65.49; H, 5.23; N, 5.31.
veratryl-xy1: A solution of 34 (257 mg, 3.00·10
-4 mol) and [Ru(bpy)2Cl2]
[113] (145 mg,
3.00·10-4 mol) in ethanol (18 mL) and chloroform (6 mL) was heated to reflux under a
N2-atmosphere over night. The solvent was evaporated and the residue was purified by
column chromatography on silica using a gradient of (1) acetone, (2) acetone/water 9:1
(v:v) and (3) acetone/water 9:1 with 1% saturated aqueous KNO3 solution as an elu-
ent. The product containing solutions were collected and KPF6 was added. Acetone was
completely evaporated and the aqueous phase was extracted with dichloromethane. The
combined organic layers were washed with water, the solvent was evaporated, and the
product was dried in vacuo, yielding veratryl-xy1 as a red solid (281 mg, 1.80·10
-4 mol,
60%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 9.00 – 8.94 (m, 2 H), 8.89 – 8.84 (m,
4 H), 8.37 – 8.15 (m, 14 H), 8.07 (dd, J = 2.0, 0.7 Hz, 1 H), 8.01 – 7.96 (m, 3 H), 7.92
(dd, J = 8.0, 1.9 Hz, 1 H), 7.66 (ddt, J = 7.3, 5.7, 1.4 Hz, 2 H), 7.59 (ddt, J = 7.4, 5.6,
1.5 Hz, 2 H), 7.27 (s, 1 H), 7.23 (s, 1 H), 7.11 (s, 1 H), 6.90 (s, 1 H), 6.83 (d, J = 8.7 Hz,
2 H), 6.58 (d, J = 2.5 Hz, 2 H), 6.34 (dd, J = 8.6, 2.6 Hz, 2 H), 3.77 (s, 6 H), 3.65 (s, 6
H), 2.29 (s, 3 H), 2.10 (s, 3 H), 1.97 (s, 3 H), 1.94 (s, 3 H). MS (ESI): m/z = 635.6951
(calc. 635.6946). Anal. calc. for C76H63F12N7O6P2Ru·H2O (%): C, 57.80; H, 4.15; N,
6.21. Found: C, 57.71; H, 4.25; N, 6.37.
veratryl-xy2: A solution of 35 (257 mg, 2.41·10
-4 mol) and [Ru(bpy)2Cl2]
[113] (117 mg,
2.41·10-4 mol) in ethanol (15 mL) and chloroform (5 mL) was heated to reflux under a
N2-atmosphere for 2 days. The solvent was evaporated and the residue was purified by
column chromatography on silica using a gradient of (1) acetone, (2) acetone/water 9:1
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(v:v) and (3) acetone/water 9:1 with 1% saturated aqueous KNO3 solution as an elu-
ent. The product containing solutions were collected and KPF6 was added. Acetone was
completely evaporated and the aqueous phase was extracted with dichloromethane. The
combined organic layers were washed with water, the solvent was evaporated, and the
product was dried in vacuo, yielding veratryl-xy2 as a red solid (199 mg, 1.12·10
-4 mol,
47%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 9.00 (dd, J = 8.4, 2.5 Hz, 2 H), 8.92
– 8.86 (m, 4 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.37 – 8.32 (m, 6 H), 8.31 – 8.21 (m, 5 H),
8.20 – 8.17 (m, 2 H), 8.08 (dt, J = 8.5, 2.1 Hz, 2 H), 8.01 – 7.96 (m, 3 H), 7.71 – 7.66
(m, 2 H), 7.64 – 7.58 (m, 2 H), 7.32 (s, 1 H), 7.20 (d, J = 2.4 Hz, 1 H), 7.16 (d, J = 2.6
Hz, 1 H), 7.07 (s, 1 H), 7.05 (s, 1 H), 7.04 (s, 1 H), 7.00 (s, 1 H), 6.91 (s, 1 H), 6.84 (d, J
= 8.7 Hz, 2 H), 6.65 (d, J = 2.6 Hz, 2 H), 6.41 (dd, J = 8.6, 2.6 Hz, 2 H), 3.78 (s, 6 H),
3.67 (s, 6 H), 2.34 (s, 3 H), 2.09 (s, 9 H), 2.08 – 2.04 (m, 6 H), 2.02 (s, 3 H), 1.94 (s, 3 H).
MS (ESI): m/z = 739.7582 (calc. 739.7575). Anal. calc. for C92H79F12N7O6P2Ru·2H2O
(%): C, 61.20; H, 4.63; N, 5.43. Found: C, 61.13; H, 4.57; N, 5.63.
veratryl-xy3: A solution of 36 (137 mg, 1.07·10
-4 mol) and [Ru(bpy)2Cl2]
[113] (52 mg,
1.07·10-4 mol) in ethanol (18 mL) and chloroform (6 mL) was heated to reflux under a
N2-atmosphere for 3 days. The solvent was evaporated and the residue was purified by
column chromatography on silica using a gradient of (1) acetone, (2) acetone/water 9:1
(v:v) and (3) acetone/water 9:1 with 1% saturated aqueous KNO3 solution as an elu-
ent. The product containing solutions were collected and KPF6 was added. Acetone was
completely evaporated, and the aqueous phase was extracted with dichloromethane. The
combined organic layers were washed with water, the solvent was evaporated, and the
product was dried in vacuo, yielding veratryl-xy3 as a red solid (61 mg, 3.08·10
-5 mol,
29%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 9.01 (d, J = 8.5 Hz, 2 H), 8.90 (d, J
= 8.2 Hz, 4 H), 8.39 (d, J = 8.0 Hz, 1 H), 8.38 – 8.32 (m, 6 H), 8.31 – 8.21 (m, 5 H), 8.19
(d, J = 5.7 Hz, 2 H), 8.11 – 8.07 (m, 2 H), 8.01 (dd, J = 8.1, 2.0 Hz, 1 H), 8.00 – 7.96
(m, 2 H), 7.72 – 7.66 (m, 2 H), 7.64 – 7.58 (m, 2 H), 7.34 (s, 1 H), 7.21 – 7.17 (m, 2 H),
7.15 (s, 1 H9, 7.11 (s, 1 H), 7.09 – 7.04 (m, 3 H), 7.03 (s, 1 H), 7.01 (s, 1 H), 7.00 (s, 1
H), 6.96 (s, 1 H), 6.85 (d, J = 8.7 Hz, 2 H), 6.67 (d, J = 2.6 Hz, 2 H), 6.43 (dd, J = 8.6,
2.6 Hz, 2 H), 3.78 (s, 6 H), 3.68 (s, 6 H), 2.37 (s, 3 H), 2.16 (d, J = 3.5 Hz, 3 H), 2.12 (s,
3 H), 2.11 – 2.04 (m, 24 H), 2.00 (d, J = 4.4 Hz, 3 H). MS (ESI): m/z = 843.8204 (calc.
843.8191). Anal. calc. for C108H95F12N7O6P2Ru·H2O·2CH3C(O)CH3 (%): C, 64.83; H,
5.20; N, 4.64. Found: C, 64.90; H, 5.54; N, 4.75.
tolyl-xy1: A solution of 37 (192 mg, 2.50·10
-4 mol) and [Ru(bpy)2Cl2]
[113] (121 mg,
2.50·10-4 mol) in ethanol (12 mL) and chloroform (4 mL) was heated to reflux under a
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N2-atmosphere over night. The solvent was evaporated and the residue was purified by
column chromatography on silica using a gradient of (1) acetone, (2) acetone/water 9:1
(v:v) and (3) acetone/water 9:1 with 1% saturated aqueous KNO3 solution as an elu-
ent. The product containing solutions were collected and KPF6 was added. Acetone was
completely evaporated and the aqueous phase was extracted with dichloromethane. The
combined organic layers were washed with water, the solvent was evaporated, and the
product was dried in vacuo, yielding tolyl-xy1 as a red solid (149 mg, 1.01·10
-4 mol,
41%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 8.98 (dd, J = 10.1, 8.4 Hz, 2 H), 8.89
– 8.83 (m, 4 H), 8.36 (d, J = 8.0 Hz, 1 H), 8.35 – 8.30 (m, 5 H), 8.30 – 8.18 (m, 5 H),
8.18 – 8.15 (m, 3 H), 8.07 (sbr, 2 H), 8.00 – 7.96 (m, 2 H), 7.92 (dd, J = 8.0, 1.8 Hz,
1 H), 7.69 – 7.64 (m, 2 H), 7.61 – 7.56 (m, 2 H), 7.27 (s, 1 H), 7.23 (s, 1 H), 7.14 (s, 1
H), 7.08 – 7.04 (m, 4 H), 6.91 (s, 1 H), 6.79 – 6.74 (m, 4 H), 2.29 (s, 3 H), 2.27 (s, 6 H),
2.10 (s, 3 H), 1.95 (s, 6 H). MS (ESI): m/z = 589.6891 (calc. 589.6891). Anal. calc. for
C74H59F12N7O2P2Ru·2CH3C(O)CH3·3.5H2O (%): C, 58.29; H, 4.77; N, 5.95. Found: C,
58.24; H, 4.98; N, 5.99.
tolyl-xy2: A solution of 38 (195 mg, 2.00·10
-4 mol) and [Ru(bpy)2Cl2]
[113] (97 mg,
2.00·10-4 mol) in ethanol (12 mL) and chloroform (4 mL) was heated to reflux under
a N2-atmosphere over night. The solvent was evaporated and the residue was purified
by column chromatography on silica using a gradient of (1) acetone, (2) acetone/water
9:1 (v:v) and (3) acetone/water 9:1 with 1% saturated aqueous KNO3 solution as an
eluent. The product containing solutions were collected and KPF6 was added. Acetone
was completely evaporated and the aqueous phase was extracted with dichloromethane.
The combined organic layers were washed with water, the solvent was evaporated, and
the product was dried in vacuo, yielding tolyl-xy2 as a red solid (111 mg, 6.61·10
-5 mol,
33%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 9.01 (dd, J = 8.5, 2.5 Hz, 2 H), 8.92
– 8.86 (m, 4 H), 8.38 (d, J = 8.0 Hz, 1 H), 8.37 – 8.32 (m, 6 H), 8.31 – 8.21 (m, 5 H),
8.20 – 8.17 (m, 2 H), 8.10 – 8.06 (m, 2 H), 8.01 – 7.95 (m, 3 H), 7.71 – 7.65 (m, 2 H),
7.64 – 7.58 (m, 2 H), 7.32 (s, 1 H), 7.21 – 7.15 (m, 2 H), 7.10 – 7.03 (m, 7 H), 7.00 (s, 1
H), 6.93 (s, 1 H), 6.87 – 6.82 (m, 4 H), 2.34 (s, 3 H), 2.27 (s, 6 H), 2.09 (s, 9 H), 2.07 –
2.04 (m, 6 H), 2.00 (s, 3 H), 1.95 (s, 3 H). MS (ESI): m/z = 693.7527 (calc. 693.7520).
Anal. calc. for C90H75F12N7O2P2Ru·CH3C(O)CH3·2H2O (%): C, 63.05; H, 4.84; N, 5.53.
Found: C, 63.20; H, 5.09; N, 5.65.
tolyl-xy3: A solution of 39 (438 mg, 3.70·10
-4 mol) and [Ru(bpy)2Cl2]
[113] (179 mg,
3.70·10-4 mol) in ethanol (21 mL) and chloroform (7 mL) was heated to reflux under a
N2-atmosphere for 2 days. The solvent was evaporated and the residue was purified by
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column chromatography on silica using a gradient of (1) acetone, (2) acetone/water 9:1
(v:v) and (3) acetone/water 9:1 with 1% saturated aqueous KNO3 solution as an elu-
ent. The product containing solutions were collected and KPF6 was added. Acetone was
completely evaporated and the aqueous phase was extracted with dichloromethane. The
combined organic layers were washed with water, the solvent was evaporated, and the
product was dried in vacuo, yielding tolyl-xy3 as a red solid (157 mg, 8.32·10
-5 mol,
22%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 9.02 (d, J = 8.5 Hz, 2 H), 8.90 (d, J
= 8.2 Hz, 4 H), 8.40 (d, J = 8.0 Hz, 1 H), 8.38 – 8.33 (m, 6 H), 8.32 – 8.22 (m, 5 H), 8.21
– 8.18 (m, 2 H), 8.11 – 8.08 (m, 2 H), 8.03 – 7.97 (m, 3 H), 7.72 – 7.67 (m, 2 H), 7.64 –
7.59 (m, 2 H), 7.34 (s, 1 H), 7.21 – 7.17 (m, 2 H), 7.15 (s, 1 H), 7.11 (s, 1 H), 7.10 – 7.05
(m, 7 H), 7.03 (s, 1 H), 7.02 (s, 1 H), 7.00 (s, 1 H), 6.97 (s, 1 H), 6.89 – 6.84 (m, 4 H),
2.37 (s, 3 H), 2.28 (s, 6 H), 2.16 (d, J = 3.5 Hz, 3 H), 2.12 (s, 3 H), 2.11 – 2.04 (m, 21
H), 2.03 (s, 3 H), 2.01 (d, J = 4.3 Hz, 3 H). MS (ESI): m/z = 797.8154 (calc. 797.8136).
Anal. calc. for C106H91F12N7O2P2Ru·1.5CH3C(O)CH3 (%): C, 67.27; H, 5.11; N, 4.97.
Found: C, 67.08; H, 5.39; N, 5.14.
TMS-xy2-Ru-xy2-TMS: A solution of 13 (143 mg, 2.00·10
-4 mol) and [Ru(bpy)2Cl2]
[113]
(97 mg, 2.00·10-4 mol) in ethanol (21 mL) and chloroform (7 mL) was heated to reflux
under a N2-atmosphere over night. The solvent was evaporated and the crude product
was purified by column chromatography on silica using a gradient of (1) acetone, (2) ace-
tone/water 9:1 (v:v) and (3) acetone/water 9:1 (v:v) with 1% saturated aqueous KNO3-
solution as an eluent. To the combined fractions KPF6 was added, and acetone was com-
pletely evaporated. Subsequently the aqueous phase was extracted with dichloromethane
and the combined organic layers were washed with water. The solvent was evaporated
and the product was dried in vacuo. TMS-xy2-Ru-xy2-TMS was obtained as a red
solid (249 mg, 1.75·10-4 mol, 88%). 1H-NMR (400 MHz, acetone-d6): δ (ppm) = 8.98 (d,
J = 8.4 Hz, 2 H), 8.87 (d, J = 8.3 Hz, 4 H), 8.35 – 8.20 (m, 8 H), 8.17 (d, J = 5.3 Hz,
2 H), 8.07 – 8.05 (m, 2 H), 7.69 – 7.64 (m, 2 H), 7.61 – 7.57 (m, 2 H), 7.37 (s, 2 H),
7.15 (sbr, 2 H), 6.96 (sbr, 2 H), 6.83 (s, 2 H), 2.43 (s, 6 H), 2.06 (s, 3 H), 2.02 (s, 3 H),
2.01 (s, 6 H), 1.99 (s, 6 H), 0.35 (s, 18 H). MS (ESI): m/z = 565.2213 (calc. 565.2204).
Anal. calc. for C68H72F12N6P2RuSi2·0.5H2O ·0.75 CH3C(O)CH3 (%): C, 57.28; H, 5.30;
N, 5.71. Found: C, 57.26; H, 5.67; N, 6.03.
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7.3. Synthesis of the pentad and the reference triad
Scheme 7.4 Reaction scheme for the synthesis of the donor-acceptor ligands 44 and 45
for the pentad and triad from Chapter 5. (a) Pd(PPh3)4, Na2CO3 in THF/water; (b)
(Bpin)2, KOAc, Pd(PPh3)2Cl2 in DMSO.
Synthetic protocols
40: 5,5’-Dibromo-2,2’-bipyridine[111] (1.01 g, 3.23 mmol), 4 (0.99 g, 2.15 mmol), Na2CO3
(684 mg, 6.45 mmol) and Pd(PPh3)4 (124 mg, 0.11 mmol) were suspended in THF (25
mL) and water (5 mL). The biphasic mixture was degassed prior to heating to reflux
overnight. Subsequently the phases were separated and the aqueous layer was extracted
with dichloromethane. The combined organic layers were dried over Na2SO4 and the sol-
vent was removed in vacuo. The crude product was purified by column chromatography
on silica using a gradient of pentane/dichloromethane mixtures from 4:1 to 2:1 (v:v) each
with 2% methanol. 40 was obtained as a bright yellow solid (590 mg, 1.04 mmol, 48 %).
1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.75 (d, J = 2.3 Hz, 1 H), 8.69 (d, J = 1.8 Hz,
1 H), 8.46 – 8.37 (m, 2 H), 7.97 (dd, J = 8.5 Hz, 2.3 Hz, 1 H), 7.85 (d, J = 8.0 Hz, 1 H),
7.07 (s, 1 H), 6.98 (s, 1 H), 6.95 – 6.89 (m, 4 H), 6.83 – 6.77 (m, 4 H), 3.79 (s, 6 H), 2.21
(s, 3 H), 2.01 (s, 3 H).
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41: 1,4-Di-n-hexyl-2,5-diiodobenze[114] (1, 7.47 g, 15.0 mmol), bis(pinacol)diboron (9.52
g, 37.5 mmol), KOAc (11.78 g, 120 mmol) and Pd(PPh3)2Cl2 (1.05 g, 1.50 mmol) were
stirred in DMSO (100 mL) under a nitrogen atmosphere at 90 °C over night. Water
(300 mL) and saturated aqueous NH4Cl-solution (100 mL) were added, and the resulting
mixture was extracted with diethyl ether. The combined organic layers were dried over
Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was purified
by repeated column chromatography on silica using pentane/diethyl ether 20:1 (v:v) as
an eluent. 41 was obtained as a white solid (5.74 g, 11.5 mmol, 77%). 1H-NMR (400
MHz, CDCl3): δ (ppm) = 7.52 (s, 2 H), 2.83 – 2.78 (m, 4 H), 1.55 – 1.47 (m, 4 H), 1.40
– 1.25 (m, 12 H), 1.33 (s, 24 H), 0.90 - 0.86 (m, 6 H).
42: 2,6-Diiodo-9,10-anthraquinone[115] (753 mg, 1.64 mg), 41 (3.26 g, 6.55 mmol) Na2CO3
(1.04 g, 9.82 mmol) and Pd(PPh3)4 (189 mg, 1.64·10
-4 mol) were dissolved in a mixture of
toluene (40 mL), ethanol (10 ml) and water (10 mL). The biphasic mixture was degassed
prior to stirring at 90°C for three days. The reaction mixture was neutralized with satu-
rated aqueous NH4Cl-solution, and then extracted with dichloromethane. The combined
organic layers were dried over Na2SO4, filtered, and the solvent was removed in vacuo.
The crude product was purified by repeated column chromatography on silica using pen-
tane/diethyl ether 10:1 (v:v) as an eluent. 42 was obtained as a yellow solid (541 mg,
5.70·10-4 mol, 35%). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.37 (d, J = 8.0 Hz, 2 H),
8.31 (d, J = 1.7 Hz, 2 H), 7.76 (dd, J = 8.0 Hz, 1.7 Hz, 2 H), 7.73 (s, 2 H), 7.07 (s, 2 H),
2.92 – 2.87 (m, 4 H), 2.61 – 2.56 (m, 4 H), 1.63 – 1.54 (m, 4 H), 1.50 -1.42 (m, 4 H), 1.39 (s,
24 H), 1.36 -1.25 (m, 12 H), 1.22 -1.10 (m, 12 H), 0.92 – 0.86 (m, 6 H), 0.82 -0.75 (m, 6 H).
43: 2-Bromo-9,10-anthraquinone (287 mg, 1.00 mmol), 41 (1.00 g, 2.00 mmol), Na2CO3
(318 mg, 3.00 mmol) and Pd(PPh3)4 (58 mg, 5.0·10
-5 mol) were dissolved in THF (20
mL) and water (5 mL). The reaction mixture was degassed prior to heating to reflux for
two days. Subsequently saturated aqueous NH4Cl-solution (10 mL) was added, and the
mixture was extracted with diethyl ether. The organic layers were dried over Na2SO4, fil-
tered, and the solvent was removed in vacuo. The crude product was purified by repeated
column chromatography on silica using pentane/ether 10:1 (v:v) as an eluent. 43 was
obtained as a yellow solid (261 mg, 4.51·10-4 mol, 45 %). 1H-NMR (400 MHz, CDCl3): δ
(ppm) =8.39 – 8.30 (m, 3 H), 8.28 (d, J = 1.8 Hz, 1 H), 7.85 – 7.78 (m, 2 H), 7.75 (dd,
J = 8.0 Hz, 1.8 Hz, 1 H), 7.73 (s, 1 H), 7.06 (s, 1 H), 2.93 – 2.85 (m, 2 H), 2.61 – 2.53
(m, 2 H), 1.65 – 1.43 (m, 4 H), 1.38 (s, 12 H), 1.36 – 1.26 (m, 8 H), 1.19 – 1.11 (m, 4 H),
0.93 -0.85 (m, 3 H), 0.80 – 0.74 (m, 3 H).
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44: 42 (244 mg, 2.57·10-4 mol), 40 (350 mg, 6.18·10-4 mol), Na2CO3 (164 mg, 1.54 mmol)
and Pd(PPh3)4 (30 mg, 2.57·10
-5 mol) dissolved in THF (20 mL) and water (4 mL). The
reaction mixture was degassed prior to heating to reflux for two days. Subsequently the
mixture was extracted with dichloromethane. The combined organic layers were dried over
Na2SO4, filtered, and the solvent was removed in vacuo. The crude product was purified
by column chromatography on silica using a gradient of pentane/diethyl ether mixtures
from 5:1 to 1:1 (v:v) with each 2% methanol as an eluent. The ligand 44 was obtained as
a dark-yellow solid (364 mg, 2.18·10-4 mol, 85 %). 1H-NMR (400 MHz, CDCl3): δ (ppm)
= 8.77 (sbr, 4 H), 8.59 (sbr, 4 H), 8.44 (d, J = 8.0 Hz, 2 H), 8.39 (d, J = 1.8 Hz, 2 H), 7.92
(sbr, 4 H), 7.84 (dd, J = 8.0 Hz, 1.8 Hz, 2 H), 7.25 (s, 2 H), 7.24 (s, 2 H), 7.14 (s, 2 H),
7.00 (s, 2 H), 6.96 -6.90 (m, 8 H), 6.84 – 6.78 (m, 8 H), 3.80 (s, 12 H), 2.69 – 2.61 (m, 8 H),
2.24 (s, 6 H), 2.03 (s, 6 H), 1.58 – 1.48 (m, 8 H), 1.29 – 1.13 (m, 24 H), 0.85 – 0.77 (m, 12 H).
45: 40 (91 mg, 1.60·10-4 mol), 43 (110 mg, 1.90·10-4 mol), Na2CO3 (51 mg, 4.80·10
-4
mol) and Pd(PPh3)4 (9.2 mg, 8.0·10
-6 mol) were dissolved in THF (8 mL) and water (2
mL). The reaction mixture was degassed prior to heating to reflux overnight. The mixture
was extracted with diethyl ether. The combined organic layers were dried over Na2SO4,
filtered, and the solvents were removed in vacuo. The crude product was purified by col-
umn chromatography on silica using pentane/diethyl ether 2:1 (v:v) with 2% MeOH as
an eluent. The ligand 45 was obtained as a dark-yellow solid (97 mg, 1.03·10-4 mol, 64
%). 1H-NMR (400 MHz, CDCl3): δ (ppm) = 8.75 (d, J = 1.7 Hz, 2 H), 8.62 – 8.49 (m, 2
H), 8.41 (d, J = 8.0 Hz, 1 H), 8.39 – 8.34 (m, 3 H), 7.93 – 7.86 (m, 2 H), 7.86 – 7.80 (m,
3 H), 7.23 (s, 2 H), 7.13 (s, 1 H), 7.00 (s, 1 H), 6.96 – 6.90 (m, 4 H), 6.84 – 6.77 (m, 4 H),
3.80 (s, 6 H), 2.67 – 2.60 (m, 4 H), 2.24 (s, 3 H), 2.03 (s, 3 H), 1.56 – 1.46 (m, 4 H), 1.35
– 1.11 (m, 12 H), 0.84 – 0.75 (m, 6 H).
pentad: The Ligand 44 (364 mg, 2.18·10-4 mol) and [Ru(bpy)2Cl2]
[113] (232 mg, 4.80·10-4
mol) were dissolved in ethanol (21 mL) and chloroform (7 mL). The reaction mixture
was heated to reflux under a nitrogen atmosphere overnight. The solvent was removed
in vacuo and the crude product purified by column chromatography on silica with first
acetone until all purple precursor was removed from the column. Afterwards the com-
plex was eluted with a mixture of acetone/water 9:1 (v:v) with additional 1% saturated
KNO3-solution. Subsequently, all acetone was removed under reduced pressure, the red
solid was filtered off, and washed thoroughly with water and diethyl ether. The product
was collected by rinsing the frit with acetonitrile. Removal of the solvent in vacuo yielded
the pentad as a red crystalline solid (355 mg, 1.29·10-4 mol, 59 %). 1H-NMR (400 MHz,
CD3OD): δ (ppm) = 8.86 – 8.72 (m, 12 H), 8.40 (d, J = 8.0 Hz, 2 H), 8.23 – 8.10 (m ,14
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H), 8.08 (d, J = 5.6 Hz, 4 H), 7.93 (d, J = 5.6 Hz, 2 H), 7.89 (d, J = 5.6 Hz, 2 H), 7.83
(dd, J = 8.0 Hz, 1.8 Hz, 2 H), 7.75 (d, J = 1.8 Hz, 2 H), 7.72 (d, J = 1.8 Hz, 2 H), 7.63 -
7.56 (m, 4 H), 7.52 – 7.46 (m, 4 H), 7.23 (s, 2 H), 7.18 (s, 2 H), 7.08 (s, 2 H), 6.84 – 6.75
(m, 18 H), 3.76 (s, 12 H), 2.65 – 2.58 (m, 4 H), 2.44 – 2.35 (m, 2 H), 2.25 2.17 (m, 2 H),
1.94 (s, 6 H), 1.82 (s, 6 H), 1.47 – 1.27 (m, 8 H), 1.21 – 1.06 (m, 18 H), 1.01 – 0.88 (m,
6 H), 0.80 (t, J = 7.3 Hz, 6 H), 0.74 (t, 6 H, J = 6.9 Hz). MS (ESI): m/z = 624.5015
(calc. 624.4993). Anal. calc. for C154H150N18O18Ru2·5 H2O (%): C, 65.29; H, 5.69; N,
8.90. Found: C, 65.01; H, 5.64; N, 9.01.
triad: Ligand 45 (97 mg, 1.03·10-4 mol) and [Ru(bpy)2Cl2]
[113] (50 mg, 1.03·10-4 mol)
in ethanol (12 mL) and chloroform (4 mL) were heated to reflux under a nitrogen atmo-
sphere overnight. The solvent was removed in vacuo and the crude product purified by
column chromatography on silica with first acetone until all purple precursor was removed
from the column. Afterwards the complex was eluted with a mixture of acetone/water
9:1 (v:v) with additional 1% saturated KNO3-solution. Subsequently, all acetone was re-
moved under reduced pressure, the red solid was filtered off, and washed thoroughly with
water and diethyl ether. The product was collected by rinsing the frit with acetonitrile.
Removal of the solvent in vacuo yielded the title compound as a red crystalline solid (105
mg, 7.12·10-5 mol, 69 %). 1H-NMR (400 MHz, CD3OD): δ (ppm) = 8.86 – 8.71 (m, 6 H),
8.37 (d, J = 8.0 Hz, 1 H), 8.35 – 8.29 (m, 2 H), 8.23 – 8.15 (m, 5 H), 8.15 – 8.09 (m, 2
H), 8.07 (d, J = 6.0 Hz, 2 H), 7.94 – 7.87 (m, 4 H), 7.80 (dd, J = 8.0 Hz, 1.8 Hz, 1 H),
7.75 (d, J = 1.8 Hz, 1 H), 7.72 (d, J = 1.8 Hz, 1 H), 7.63 -7.56 (m, 2 H), 7.52 – 7.46 (m,
2 H), 7.20 (s, 1 H), 7.16 (s, 1 H), 7.07 (s, 1 H), 6.85 – 6.75 (m, 9 H), 3.76 (s, 6 H), 2.63
– 2.56 (m, 2 H), 2.44 – 2.34 (m, 1 H), 2.25 – 2.17 (m, 1 H), 1.94 (s, 3 H), 1.82 (s, 3 H),
1.47 – 1.26 (m, 4 H), 1.21 – 1.06 (m, 8 H), 1.02 – 0.87 (m, 4 H), 0.80 (t, J = 7.3 Hz, 3
H), 0.73 (t, J = 6.9 Hz, 3 H). MS (ESI): m/z = 675.7631 (calc. 675.7613). Anal. calc.
for C84H79N9O10Ru·2 H2O·0.5 CH3CN (%): C, 66.63; H, 5.56; N, 8.68. Found: C, 66.54;
H, 5.81; N, 8.67.
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Decay data used for the Arrhenius plots in Chapter 4
Figure A1 Temporal evolution of the transient absorption signals of 20 µM solutions of
(a-c) anisyl-xy1, (d-f) anisyl-xy2 and (g-i) anisyl-xy3 in deoxygenated acetonitrile/water
1:1 (v:v) at 370 nm, 510 nm and 770 nm. The temperature was varied between 5 °C and
65 °C. The color code of the individual traces is: 5 °C (black), 15 °C (dark blue), 25 °C
(light blue), 35 °C (green), 45 °C (orange), 55 °C (red), 65 °C (purple).
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Figure A2 Temporal evolution of the transient absorption signals of 20 µM solutions
of (a-c) veratryl-xy1, (d-f) veratryl-xy2 and (g-h) veratryl-xy3 in deoxygenated acetoni-
trile/water 1:1 (v:v) at 375 nm, 510 nm and 950 nm. The temperature was varied between
5 °C and 65 °C. The color code of the individual traces is: 5 °C (black), 15 °C (dark blue),
25 °C (light blue), 35 °C (green), 45 °C (orange), 55 °C (red), 65 °C (purple). Measure-
ments of veratryl-xy3 at 950 nm were omitted due to poor signal-to-noise ratio. The rise
of the signals at 950 nm corresponds to the response time of the NIR detector (100 ns).
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Figure A3 Temporal evolution of the transient absorption signals of 20 µM solutions of
(a-c) tolyl-xy1, (d-f) tolyl-xy2 and (g-i) tolyl-xy3 in deoxygenated acetonitrile/water 1:1
(v:v) at 360 nm, 510 nm and 710 nm. The temperature was varied between 5 °C and
65 °C. The color code of the individual traces is: 5 °C (black), 15 °C (dark blue), 25 °C
(light blue), 35 °C (green), 45 °C (orange), 55 °C (red), 65 °C (purple). For tolyl-xy2 the
decay signals were fitted to process ABC reaction kinetics with the rate constant for
charge recombination represented by BC. An additional, independent rate constant due
to an excited state decay of minor impurities had to be included.
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Figure A4 Temporal evolution of the transient absorption signals of 20 µM solutions of
(a-c) anisyl-xy1, (d-f) anisyl-xy2 and (g-i) anisyl-xy3 in deoxygenated acetonitrile at 375
nm, 570 nm and 770 nm. The temperature was varied between 5 °C and 65 °C. The color
code of the individual traces is: 5 °C (black), 15 °C (dark blue), 25 °C (light blue), 35 °C
(green), 45 °C (orange), 55 °C (red), 65 °C (purple).
Energy estimates for the individual states of the pentad from
Chapter 5 in neat acetonitrile
 TAA-RuII-AQ-RuII-TAA. This state is the ground state and its energy is set to
0.00 eV.
 TAA-*RuII-AQ-RuII-TAA. This state corresponds to the 3MLCT state of Ru(bpy)3
2+
with an energy of 2.12 eV.[86]
 TAA-RuIII-AQ--RuII-TAA. E = e·[E (RuIII/II) - E (AQ0/-)] = e·(1.33 V + 0.84 V)
= 2.17 eV.
 TAA+-RuI-AQ-RuII-TAA. E = e·[E (TAA+/0) - E (RuII/I)] = e·(0.69 V + 1.26 V)
= 1.95 eV.
 TAA+-RuII-AQ--RuII-TAA. This is the first charge-separated state (CSS1). E =
e·[E (TAA+/0) - E (AQ0/-)] = e·(0.69 V + 0.84 V) = 1.53 eV.
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 TAA+-RuII-AQ--*RuII-TAA. The energy of this state was calculated relative to
the CSS1 by adding the 3MLCT energy of Ru(bpy)3
2+. E = E(CSS1) + 2.12 eV =
3.65 eV.
 TAA+-RuII-AQ2--RuIII-TAA. E = e·[E (TAA+/0) + E (RuIII/II) - E (AQ0/-) -
E (AQ-/2-)] = e·(0.69 V + 1.33 V + 0.84 V + 1.34 V) = 4.20 eV.
 TAA+-RuII-AQ--RuI-TAA+. E = e·[2·E (TAA+/0) - E (AQ0/-) - E (RuII/I)] =
e·(2·0.69 V + 0.84 V + 1.26 V) = 3.48 eV.
 TAA+-RuII-AQ2--RuII-TAA+. This is the second charge-separated state (CSS2).
E = e·[2·E (TAA+/0) - E (AQ0/-) - E (AQ-/2-)] = e·(2·0.69 V + 0.84 V + 1.34 V) =
3.56 eV.
Energy estimates for the individual states of the pentad from
Chapter 5 in acetonitrile in presence of chloroacetic acid
 TAA-RuII-AQ-RuII-TAA. This state is the ground state and its energy is set to
0.00 eV.
 TAA-*RuII-AQ-RuII-TAA. This state corresponds to the 3MLCT state of Ru(bpy)3
2+
with an energy of 2.12 eV.[86]
 TAA-RuIII-AQ--RuII-TAA. E = e·[E (RuIII/II) - E (AQ0/-)] = e·(1.33 V + 0.84 V)
= 2.17 eV.
 TAA+-RuI-AQ-RuII-TAA. E = e·[E (TAA+/0) - E (RuII/I)] = e·(0.69 V + 1.26 V)
= 1.95 eV.
 TAA+-RuII-AQ--RuII-TAA. E = e·[E (TAA+/0) - E (AQ0/-)] = e·(0.69 V + 0.84 V)
= 1.53 eV.
 TAA+-RuII-AQH-RuII-TAA. This is the first charge-separated state (CSS1). E =
e·[E (TAA+/0) - E (AQ0/-)] - 0.059 eV·[pKA(BQH·) - pKA(CH2ClCOOH)] = e·(0.69 V
+ 0.84 V) - 0.059 eV·(23.1 - 18.8) = 1.28 eV.
 TAA+-RuII-AQH-*RuII-TAA. The energy of this state was calculated relative to
the CSS1 by adding the 3MLCT energy of Ru(bpy)3
2+. E = E(CSS1) + 2.12 eV =
3.40 eV.
 TAA+-RuII-AQH-RuI-TAA+. E = e·[2·E (TAA+/0) - E (AQ0/-) - E (RuII/I)] -
0.059 eV·[pKA(BQH·) - pKA(CH2ClCOOH)] = e·(2·0.69 V + 0.84 V + 1.26 V) -
0.059 eV·(23.1 - 18.8) = 3.23 eV.
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 TAA+-RuII-AQH--RuIII-TAA. E = e·[E (TAA+/0) + E (RuIII/II) - E (AQ0/-) -
E (AQ-/2-)] - 0.059 eV·[pKA(BQH
-) - pKA(CH2ClCOOH)] = e·(0.69 V + 1.33 V
+ 0.84 V + 1.34 V) - 0.059 eV·(38.3 - 18.8) = 3.05 eV.
 TAA+-RuII-AQH--RuII-TAA+. E = e·[2·E (TAA+/0) - E (AQ0/-) - E (AQ-/2-)] -
0.059 eV·[pKA(BQH
-) - pKA(CH2ClCOOH)] = e·(2·0.69 V + 0.84 V + 1.34 V) -
0.059 eV·(38.3 - 18.8) = 2.41 eV.
 TAA+-RuII-AQH2-Ru
II-TAA+. This is the second charge-separated state (CSS2).
E = e·[2·E (TAA+/0) - E (AQ0/-) - E (AQ-/2-)] - 0.059 eV·[pKA(BQH
-) - pKA(CH2Cl-
COOH)] - 0.059 eV·[pKA(BQH2) - pKA(CH2ClCOOH)] = e·(2·0.69 V + 0.84 V +
1.34 V) - 0.059 eV·(38.3 - 18.8) - 0.059 eV·(31.7 - 18.8) = 1.66 eV.
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